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1.0 INTRODUCTION

1.1 Site Location
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Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

Groundwater Technology, inc. has been retained by Wheeling-Pittsburgh Steel to design a long­
term corrective action to address a gasoline release from an underground storage tank. Based 
on the information collected from the site during the past investigations and a pilot test, soil 
vapor extraction and air sparging have been selected as the most effective remediation 
technologies for this site. The system recommended for this site has been designed specifically 
to address the areas and lithologies v/hich have been impacted by the gasoline release. Two 
soil vapor extraction systems have been included in the design because it is not possible to 
induce air flow through the lower permeability sandy clay soil with a single set of extraction 
wells.

Wheeling Pittsburgh Steel Corporation's Martins Ferry Plant #1 (Plant #1) is located within the 
borough of Martins Ferry, Belmont County, Ohio. The location is further identified on the 
Wheeling, West Virginia-Ohio, United States Geological Survey, 7.5-Minute Series (Topographic) 
map as the southwest corner of Section 18, Township 3 North, Range 2 West. A Site Location 
Map is provided as Figure 1.

The Ohio River is located approximately 200 feet east-southeast of the eastern edge of the 
facility. A series of eight (8) municipal water wells, operated by the Martins Ferry Municipal 
Water Authority are located between Plant #1 and the Ohio River. The closest of these wells is 
approximately 670 feet from a former gasoline underground storage tank located at Plant #1. A 
Site Area Map and Site Map are presented as Figure 2 and Figure 3, respectively.

A Conceptual Remediation System Design for the Wheeling Pittsburgh Steel Corporation was 
approved by the Ohio Department of Commerce, Division of State Fire Marshal, Bureau of 
Underground Storage Tank Regulations (BUSTR) on March 11, 1994. A full-scale remedial 
system design was prepared on June 30, 1994 and was submitted for BUSTR review. This 
final design incorporates changes suggested by BUSTR and takes into account information 
collected at the site since June 30, 1994.



1.2 Background Information

Release confirmation;

Initial corrective action;

Free product recovery;

Site assessment; and

Long-term corrective action.

Summary of Past Investigations and Interim Remedial Measures1.3

Site Assessment;

Phase II Site Assessment;

Interim Remedial Measures;

P:\STAFF\SHAW\WPSC\RSD-CAP.FIN
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Wheeling Pittsburgh Steel has confirmed the suspected release, conducted initial corrective 
actions, performed liquid-phase hydrocarbon removal, and has performed a site assessment 
activities at the release location. The purpose of this report is to document the design of a soil 
vapor extraction and air sparging system v/hich has been selected as the long-term corrective 
measure.

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

The soil and groundwater at Plant 1 has been impacted by a past release of gasoline from an 
underground storage tank. The Ohio Department of Commerce, Division of State Marshal, 
Bureau of Underground Storage Tank Regulations (BUSTR) has established regulations v/hich 
govern the investigation and corrective actions required to address leaking underground storage 
tanks. These regulations have been promulgated as Revised Ohio Code Sections 3737.87 
through 3737.99. The following steps are required to address an apparent release from an 
underground storage tank:

In September 1990, Wheeling-Pittsburgh Steel Corporation excavated and removed a 1,000- 
gallon underground storage tank (UST). The UST was used to store gasoline and was enclosed 
in a concrete vault. The approximate location of the former UST is presented on Figure 3. 
During removal of this tank, evidence of a release v/as observed by Wheeling-Pittsburgh Steel 
personnel. As a result, several environmental investigations and interim remedial measures have 
been performed, on behalf of Wheeling-Pittsburgh Steel in the area of the former underground 
storage tanks. These include:



Remediation System Pilot Testing;

Additional Site Assessment; and

Supplemental Assessment (currently in progress).

Provided below is a summary of these investigations.

Site Assessment

Phase li Site Assessment

Interim Remedial Measures

P:\STAFF\SHAW\WPSC\RSD-CAP.FIN
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In November, 1990, after removal of the underground storage tank, John Mathes and 
Associates performed a Site Assessment., This assessment included the installation of four 
groundwater monitoring Wells (monitor wells), collection/analysis of soil samples and 
collection/analysis of groundwater samples. The locations of these monitor wells are presented 
of Figure 3 (MW-1S through MW-4S). The results of this investigation were documented in a 
reoort entitled "Site Assessment Report, Wheeling-Pittsburgh Steel Company, Martins Ferry 
Site" December 1990, John Mathes Associates.

Beginning in May 1991, John Mathes and Associates performed a Phase If Site Assessment. 
This assessment included a soil vapor survey, installation of 10 monitor wells and a recovery 
well (RW), collection/analysis of soil samples and collection/analysis of groundwater samples. 
The locations of these wells are presented on Figure 3 (MW-5S, MW-6D, MW-7S, MW-8S, MW- 
9D through MW-14D and RW-1). The results of this investigation were documented in a report 
entitled "Phase II Site Assessment Report, Wheeling-Pittsburgh Steel Company, Martins Ferry 
Ohio" August 1991, John Mathes Associates.

During the Phase II Site Assessment, liquid-phase hydrocarbons were detected wells MW-1S 
(0.33 feet), MW-6D (0.05 feet), MW-9D (0.01 feet), MW-10D (0.89 feet) and RW-1 (1.30 feet). 
Interim remedial measures were initiated in June 1991, to recover the liquid-phase
hydrocarbons. These measures included installation and operation of petroleum recovery pumps 
in MW-10D and RW-1. The pumps remained in operation until January 27, 1992 when gauging 
of the v/ells indicated the presence of liquid-phase hydrocarbons in only two wells; MW-1S 
(0.02 feet) and MW-4S (0.01 feet). During the period of these interim measures, monthly 
product removal reports were prepared and submitted to BUSTR.

Remediation System Design and Corrective Action Pian, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01



Remediation System Pilot Testing

The results of these tests are summarized in Table 1.
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Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

In October and November 1992, Groundwater Technology performed an investigation consisting 
of additional assessment activities and an air sparge/soil vapor extraction pilot test in the area of 
MW-6D. The scope of work associated with this investigation included; installation of three 
monitor wells (MW-15D, MW-16D and MW-17S); installation of test points necessary to 
perform the pilot test; performance of slug tests; and performance of the pilot test

The soil vapor extraction test was conducted by applying a vacuum to the test well and 
measuring the resulting soil vapor extraction rate and the vacuum at the subsurface monitoring 
points. The concentration of volatile organic compounds in the extracted soil vapor was 
monitored using a fieid instrument equipped with a flame ionization detector. Three applied 
vacuum/extraction flow pairs were completed. During the highest applied vacuum a soil vapor 
sample was collected in a Tedlar bag and submitted for laboratory analysis to determine the 
concentration of BTEX and gasoline hydrocarbons.

The air sparge well was installed in a bore advanced to 52 feet below ground surface. A two- 
foot long section of two-inch diameter, 0.020-inch, machine slotted PVC well screen was 
installed at the base of the boring and PVC well casing was extended to ground surface. The 
annulus of the bore was filled with washed sand until there was approximately six feet of sand 
above the top of the well screen. A three-foot thick bentonite seal was installed immediately 
above the sand pack and the remainder of the well bore annulus was filled with cement grout. 
With this configuration, the top of the well screen and the bottom of the bentonite seal were 
approximately ten feet and four feet below the water table surface, respectively. The soil vapor 
extraction well was installed in a bore advanced to 40 feet below ground surface. A fifteen-foot 
long section of four-inch diameter, 0.040-inch, machine slotted, PVC well screen was installed 
from 24 to 39 feet below ground surface. A sandpack wa.s placed in the bore annulus until 
there was approximately five feet of sand pack above the well screen. A three-foot thick 
interval of bentonite was installed before the remainder of the bore was filled with cement 
grout.

The efficacy of air sparging was evaluated by injecting air into the air sparge w'ell at a measured 
flow rate and pressure. Groundwater elevation changes, groundwater dissolved oxygen 
concentration changes and vadose zone pressure changes were monitored as indicators of air 
movement. Changes in the concentration of volatile organic compounds in the extracted soil 
vapor was also monitored to show that operation of an air sparge system could increase the 
rate of hydrocarbon removal from the subsurface.

Groundwater
TECHNOLOGY .



Soil Vapor Extraction Test’Air Sparge TestParameter

Flow Rate 10-15 scfm 50 - 70 scfm

Pressure/Vacuum 12 - 18 in. w.c. (vacuum)

Radius of Influence 30- 50 feet

1

Additional Investigation
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Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

Wheeling-Pittsburgh Steel Corporation 
Martins Ferry, Ohio Plant No. 1 

November 17 & 18, 1992

117lb/day
(combined AS/SVE system)

The results of this investigation were documented in a report entitled "Conceptual Remediation 
System De.sign and Corrective Action Plan, Wheeling-Pittsburgh Steel Corporation, Plant 1 of 
the Martins Ferry Facility" April 23, 1993, Groundw'ater Technology, Inc. The conceptual 
design presented in the April 1993 report contained a recommendation for 25 soil vapor 
extraction wells and 18 air sparge wells.

Notes:
The results of the SVE pilot test characterize air flow in the sand and gravel layer. 

Values necessary to characterize air flow in the sandy clay layer have been assumed 
based on Groundwater Technology's experience at other sites with similar geologic 
characteristics.
‘ The initial hydrocarbon removal rate is calculated by multiplying the concentration of 
petroleum hydrocarbons observed during the test by the test extraction rate it is not 
indicative of the removal rate expected from the final SVE system(s).

Initial Hydrocarbon
Removal Rate^

TABLE 1
Pilot Test Results

After reviewing data collected from the investigations described above, the presences of two 
water bearing zones in the area of Plant #1 was suspected; a discontinuous perched water table 
in the area of the former UST and a deeper water bearing zone. In September 1993, 
Groundwater Technology performed an investigation to determine if two water bearing zones 
exist at the site. This investigation included the installation of one monitor well (MW-8D) 
adjacent to MW-8S. The results of this investigation which confirmed the presence of two 
water bearing zones were documented in a report entitled "Additional Investigation Report for

77 Ib/day 
(SVE system only)

10- 25 psi (pressure)

20 - 40 feet

groundwater
□□□I TECHNOLOGY «



Supplemental Assessment (currently in progress)

Collection of groundwater samples from 11 on-site monitor wells;©

«

Establishment of a fixed gauging point to monitor river pool elevation;

©

©

Site Geology/Hydrogeology1.4
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Wheeling-Pittsburgh Steel Corporation, Plant 1 of the Martins Ferry Facility" October 29, 1993, 
Groundwater Technology, Inc. This conceptual design was approved during March 1994.

In July 1994, Groundwater Technology initiated Supplemental Assessment activities at the site. 
These activities include(d):

A monthly program to gauge the monitor wells and, if present, bail liquid-phase 
hydrocarbons;

Preparation of a groundwater flow model to aid in the selection of locations for 
additional "point-of-compliance" wells;

Resurveying the tops-of-casing location.s and elevations (relative to mean sea 
level) of the on-site monitor wells and municipal water wells;

Quarterly groundwater sampling from the two additional monitor wells, MW-8D, 
MW-8S and MW-16D.

As of the date of this report. Groundwater Technology is continuing the monitor well gauging 
and bailing program. The monitor wells and municipal wells have been surveyed and a fixed 
river gauge has been established. This information has been used to prepare revised site maps 
(Figure 2 and Figure 3). The groundwater flow model is currently being prepared.

The soils at the site consist of fill material underlain by a generally downward coarsening 
sequence of fluvial deposits. A perched water bearing zone was identified in the area of the 
former UST. The areal extent of this perched zone is unknown, but appears to be present in the 
southern portion of the investigation area (identified in monitor wells MW-1S through MW-5S, 
MW-7S, MW-8S and MW-17S) and appears to pinch-out between MW-1S and MW-6D. The 
native soils within the perched zone consist of clays and sandy clays. Beneath the perched 
water bearing zone, a deeper aquifer, consisting of sands and gravels was identified.

Installation of two additional "point-of-compliance" wells to be located between 
the facility and the municipal v/ells; and

6
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Distribution of Contaminants1.5

State Fire Marshall Site Feature Scoring System1.6

Soil BTEX: 0.335/9/14/67 (mg/kg);

Groundwater BTEX: 0.005/1/0.700/10 (mg/L); and

Soil TPH (Gasoline): 450 mg/kg.

P:\STAFF\SHAW\WPSC\RSD-CAP.FIN
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The distribution of adsorbed phase hydrocarbons (TPH) within the area of the perched water 
bearing zone (26-30 feet below surface grade) is presented on Figure 6. The distribution of 
adsorbed-phase hydrocarbons (TPH) within the deeper water bearing zone (34 to 38 feet below 
surface grade is presented on Figure 7.

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

Depths to water in the area of perched water bearing zone ranges from approximately 19 to 26 
feet below surface grade with fluctuations as great as 5 feet (low to high water table 
conditions). Depths to water in the deeper water bearing zone ranges from approximately 28 to
43 feet below surface grade with fluctuations as great as 8 feet (low to high water table 
conditions). Groundwater elevation contour maps for both water bearing zones are presented 
as Figure 4 and Figure 5. .

Historically liquid-phase hydrocarbons had been detected floating on the water table periodically 
in six wells: MW-1, MW-4, MW-6, i\/IW-9, MW-10, and RW-1. Recent gauging of the monitor 
wells has indicated the presence of liquid-phase hydrocarbons in MW-6D and MW-10D, with 
thickness ranging from 0.01 to 0.02 (MW-6D) and 0.01 to 0.05 (MW-I OD).

Figure 8 and Figure 9 presents the distribution of dissdived-phase hydrocarbons in the perched 
water bearing zone and the deeper water bearing zone, respectively. These maps were based 
on the most recent groundwater analyses (December 20, 1994).

The State Fire Marshali Site Feature Scoring System (SPSS) chart was used to determine action 
levels for the soil and groundwater at the site. This system utilizes a spreadsheet to categorize 
a site based on locations of potable wells, depth to groundwater, predominant soil type, and 
natural and/or man-made conduits or receptors. A copy of the completed SFSS chart is 
presented in Appendix A. This LIST site is classified as a Category 3 site (a score of 55 was 
calculated using the SFSS). The action levels for a Category 3 site are:

□□H groundwater
UUUI TECHNOLOGY o



SITE EVALUATION AND SYSTEM DESIGN PROCESS2.0

o
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Provide a mechanism to enhance the removal of petroleum hydrocarbons from 
the groundwater.

The sandy clay layer acted as a barrier to vertical migration and the sand and 
gravel layer and groundwater within the sand and gravel is not impacted;

Remove the petroleum hydrocarbons adsorbed to soil in the sandy clay in the 
area near the former gasoline storage tank;

Groundwater is impacted with petroleum hydrocarbons in an area bounded by 
MW-6 to the southeast, MV\/-12 to the southwest, MW-10 to the northwest, and 
MW-9 to the northeast;

Remove the petroleum hydrocarbons adsorbed to soil in the sand and gravel 
layer down gradienr (northwest) of the former storage tank area; and

Petroleum hydrocarbons adsorbed to soil in the sandy clay layer is limited to ,3 
width of approximately 100 feet (measured perpendicular to the northwesterly 
migration direction);

Gasoline released from the former LIST migrated along the sand clay layer in a 
northwesterly direction toward MW-6 (approximately 150 feet);

The sand and gravel layer is impacted at MW-6 and RW-1 (it is likely that 
gasoline migrated vertically into the sand and gravel in this area as the sandy 
clay layer pinches out near MW-6);

Although perched water has been identified above the sandy clay layer it will not 
preclude soil vapor extraction in this unit;

Remediation System Design and Corrective Action Pian, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

Although the pilot study did not conclusively define air flow through the sandy clay layer, it did 
indicate that air sparging and soil vapor extraction could effectively be applied to remove volatile 
organic compounds from the groundwater and from soil in the sand and gravel layer. Based on 
Groundwater Technology's extensive experience with air sparging.and soil vapor extraction, the 
following assumptions were used to fill gaps in the site assessment and pilot study data;

To begin the design process for a long-term remediation strategy for the site. Groundwater 
Technology reviewed the data which had been collected at the site, reviewed the Category 3 
SPSS action levels and established the following remediation goals:

8
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2.1 Estimate of SVE Effective Radius of Influence
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The concentration of hydrocarbons in the soil vapor extracted from both the 
shallow and the deep soil vapor extraction systems will decrease rapidly during 
the startup period and vapor phase activated carbon adsorption will be the most 
cost effective air treatment alternative.

An air sparge ROI of 40 feet can be achieved by improving the design of the air 
sparge well (the observed ROI during the pilot test ranged from 20 to 40 feet 
when injecting air into a well which was not designed to maximize the ROI );

A conservative slope (log,o pressure vs. distance) of 0.08 can be assumed to 
describe the attenuation of vacuum in the sandy clay layer (this value is based 
on Groundwater Technology's experience at sites with similar geologic 
characteristics and was not developed from data collected during the pilot study 
conducted at this site);

This purely empirical procedure has been widely used and has frequently produced effective 
SVE system design parameters. However, it does not take into account a number of elements 
which are known to significantly affect SVE system performance, including requirements for 
remediation time and net reduction of contaminants adsorbed to soil, contaminant volatility and 
biodegradability, soil vapor extraction rate, and soil temperature.

In a conventional SVE pilot test, a vacuum is applied to a well screened through a portion of the 
vadose zone. The vacuum and total resulting flow are measured at the wellhead, and vacuum 
in the vadose zone is measured in monitoring points located various distances and directions 
from the vapor extraction well. The log of the vacuum observed in the monitoring points is 
routinely plotted against distance from the vapor extraction well, usually giving a line which 
intercepts the y-axis at 10% to 30% of the applied vacuum. Linear regression analysis is 
applied to determine the best fit of the data, and the radius of influence is determined by 
extrapolating the line to an arbitrary vacuum level, usually ranging between 0.01 and 1 inches 
of water column. The arbitrary vacuum level is significant only because it indicates that there is 
a pressure gradient in the subsurface which should induce subsurface air flow toward the well. 
The vacuum itself is not important.

The flow / vacuum response model input was set so that an applied extraction 
well vacuum of 150 inches of water column would result in an extraction rate of
20 standard cubic feet of soil vapor per minute (this value is based on 
Groundwater Technology's experience at sites with similar geologic 
characteristics and was not developed from data collected during the pilot study 
conducted at this site); and

Remediation System Design and Corrective Action Plan, PIcnt # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01
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2.2 Estimate of Air Sparge Radius of Influence

1
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The groundwater elevation within the radius of influence will increase during the 
pilot test as water is displaced by air moving through the saturated zone;

Effective radius is defined as "the maximum distance from a vapor extraction point through which sufficient air is drawn to 
remove the required fraction of contamination in the desired time".

Additional detailed information including several technical papers prepared to support the use 
and development of VENT-ROI are included in Appendix A.

The effective radius, calculated employing these assumptions, is the distance from the vapor 
extraction well at which subsurface air flow is just sufficient to achieve the remediation goals. 
It is specific to the desired remediation time, required extent of remediation, and site 
contaminant. Since air flow is greater between the edge of the contamination plume and a 
vapor extraction well than it is between two vapor extraction wells, the values for effective 
radius in these two cases differ and must be calculated separately.

VENT-ROI assumes that the subsurface is laterally uniform and anisotropic, although the ratio of 
horizontal-to-vertical permeability may vary. Air infiltration through the ground surface is 
assumed to be proportional to the subsurface vacuum, which is approximated as dissipating 
exponentially with distance from the vapor extraction well. Contaminants are assumed to 
equilibrate between the soil and the gas flowing through the subsurface, with the equilibrium 
soil gas concentration proportional to soil concentration. Biodegradation is assumed to follow 
Michaelis-Menten kinetics (zero order at high substrate concentrations, first order at low 
concentrations) in all areas where oxygen flux to the subsurface significantly exceeds the 
stoichiometric requirements of the zero order biodegradation rate.

To design soil vapor extraction systems. Groundwater Technology uses VENT-ROI, a design tool 
which provides an estimate of the effective cleanup radius’ for SVE systems, based on field 
data readily available from conventional SVE pilot tests. Since 1992, Groundwater Technology, 
Inc. has been using this model routinely as a design tool for SVE systems.

The air sparge radius of influence is defined at the maximum radial distance from the air sparge 
well where, after traveling through the saturated zone soils, the air exits the saturated zone and 
enters the vadose zone. Groundwater Technology employs an empirical approach to determine 
the air sparge radius of influence. This empirical approach relies on observation of one or more 
of the following:

Remediation System Design and Corrective Action Pian, Plant # 1 .
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01
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Vadose zone pressures will change indicating that a pressure gradient has been 
created by air entering the vadose zone.

Dissolved oxygen concentrations in groundwater will increase within the radius 
of influence as oxygen supplied by the injected air dissolves into the 
groundwater; and

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01
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3.0 DESIGN BASIS

Parameter Air Sparge System

150 feet 250 feet 240 feet

100 feet 180 feet 180 feet

10 to 15 feet 4 to 5 feet 10 feet

1 year 1 year na

90 % 90 % na
[1

1
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net contaminant 
reduction desired

length of impacted 
zone

Deep Soil Vapor
Extraction System

Shallow Soil Vapor 
Extraction System

Soil Vapor Extraction and Air Sparge Systems 
Wheeling-Pittsburgh Steel Corporation 

Martins Ferry,.Ohio Plant No. 1

Notes:
Desired soil clean-up time and net contaminant reduction are inputs into the VENT-ROI 

program. The actual clean-up time and net contaminant reduction are a function of many 
factors including water table fluctuations and the homogeneity of the subsurface soil units. 
The actual time required to meet the clean-up objective may differ from the program input.

average thickness of 
impacted zone

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

average width of 
impacted zone

Impacts resulting from the gasoline release are present in three different zones: a relatively low 
permeability sandy clay layer; an unsaturated sand and gravel layer; and the saturated portion of 
the sand and gravel layer. To address these three zones of impact, Groundwater Technology 
recommends installation and operation of a system designed to incorporate two soil vapor 
extraction systems and an air sparging system. The design basis for each of these systems is 
shown in Table 2 and is discussed in the following sections.

desired soil clean-up 
time’

TABLE 2 
Design Basis

GROUNDWATER
□□□I TECHNOLOGY 0



Shallow Soil Vapor Extraction System for the Sandy Clay Lithology3.1

o

The extraction rate induced when a vacuum is applied to the extraction weli;

The thickness of the vented interval;

The depth to the top of the vented interval;

The contaminant adsorbed to the soil; and0

The concentration of the contaminant adsorbed to the soil.
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The slope of a line plotted to describe the attenuation of vacuum (logio of 
pressure) with increasing distance from the extraction well;

The first two parameters, the vacuum attenuation and the flow' / vacuum response, are usually 
collected during a site specific pilot study. The screened interval is selected, and the thickness 
of the vented interval determined by analysis of the site well logs. The contaminant 
characteristics and soil concentrations are determined by laboratory analysis. Because the 
extraction well used to conduct the pilot study at this site was screened across both the sandy 
clay and the sand and gravel layers, the flovy / vacuum response in the sandy clay was. not 
characterized during the pilot study. To supplement the data collected at the site. Groundwater 
Technology used the results of other pilot studies conducted in similar soils for input into the 
Vent-ROi model.

Removal of gasoline adsorbed to soil in this source area is the objective of the shallow soil 
vapor extraction system. To design the system Groundwater Technology used VENT-ROI. The 
data inputs required to execute the VENT-ROI model include:

A conservative slope (log^o pressure vs. distance) of 0.08 was used. This slope is 
characteristic of a relatively low permeability sandy clay soil. The flow / vacuum response 
model input was set so that an applied extraction well vacuum of 150 inches of vyater column 
would result in an extraction rate of 20 standard cubic feet of soil vapor per minute. The 
thickness of the vented interval v/as determined to average ten feet thick and the screened 
interval was selected to correspond to this interval. The contaminant selected for evaluation 
was weathered gasoline. Selection of weathered gasoline in the evaluation is conservative in 
that not all of the adsorbed gasoline is considered volatile. However, VENT-ROI does recognize 
that much of the low volatility/high molecular weight compounds which do not volatilize will 
readily biodegrade as a result of the oxygen introduced to flow into the impacted zone by the 
soil vapor extraction system.

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01
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3.2 Deep Soil Vapor Extraction System for the Sand/Gravel Lithology
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The pilot study data indicated that the sand and gravel layer, as expected, is permeable and air 
can easily be induced to flow through this layer. The test also indicated that flow is mainly

Removal of gasoline which has become adsorbed to the sand and gravel soils as a result of the 
floating non-aqueous gasoline is the primary objective the soil vapor extraction system designed 
for this lower lithology. The second objective of this system is to capture the vapors liberated 
by the air sparge system which will be described in detail in Section 3.3 of this report.

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

A 3/3-inch inside diameter, rigid wall, tube will be inserted into each shallow' soil vapor 
extraction well arid will extend back to the shallow system piping manifold. At the manifold 
each tube will extend through a PVC wye fitting where a rubber plug will ensure an air-tight seal 
between the fitting and the tubing. If water accumulation becomes problematic, a tubing 
manifold could be constructed and one or more pumps would be used to extract water from the 
shallow soil vapor extraction wells. Extraction water piping and electrical conduit will be 
installed between the blower equipment compound and the shallow system piping m.anifold 
enclosure. The extracted water would be pumped to the blower equipment compound to be 
treated and discharged or stored for subsequent disposal.

The Vent-ROI model indicates that the interwell effective radius (the radius from each extraction 
well where the arbitrary cleanup criteria of 90 percent removal in one year will be satisfied) is 
slightly greater than eighteen feet when volatilization and biodegradation is considered and the 
soil vapor extraction rate is 20 scfm per well. Using this effective radius, a system was 
designed to include thirteen wells arranged in a seven by two hexagonal array. The spacing 
between each well in the array, is 31 feet to provide approximately 15 percent conservatism. 
The reduced well spacing was included to compensate for the uncertainty in the assumed 
design values. The wells in the shallow soil vapor extraction system array are labeled SVE-1 
through SVE-13 as shown on Drawing Y1. The array extends approximately 150 feet from 
MW-3 in the southeast to MW-6 in the northwest. These wells should remove the gasoline 
hydrocarbons adsorbed to soil in the sandy clay lithology providing effective source reduction.

Shallow Soil Vapor System Design Contingency
A unit of perched water has been observed above the sandy clay unit. At this time 
Groundwater Technology believes that soil vapor extraction w-ill be effective. However, a 
design contingency has been included so that if accumulation of water in the shallow soil vapor 
extraction wells and subsequent entrainment and collection in the blower moisture separator 
becomes problematic the situation can be addressed without major modifications to the system.

□HH Groundwater
□□□I TECHNOLOGY
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3.3 Air Sparge System

i

P:\STAFF\SHAW\WPSC\RSD-CAP.FIN

15
April 26, 1995

horizontal through this layer as there is only gradual attenuation of vacuum with increasing 
distance from the extraction well.

The average slope (log 10 P vs. distance) of a plot of the pilot study vacuum attenuation data, 
0.023 per foot, was input into the Vent-ROI model. This slope is characteristic of a relatively 
high permeability sand and gravel soil. The flow / vacuum response indicated that an applied 
extraction well vacuum of 18 inches of water column would result in an extraction rate of 
approximately 70 standard cubic feet of soil vapor per minute. The thickness of the vented 
interval was determined to average five feet thick and the screened interval was selected to 
correspond to this thickness. The contaminant selected for evaluation was weathered gasoline. 
Again selection of weathered gasoline in the evaluation is conservative.

Remediation System Design and Corrective Action Plan, Plant # 1
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The Vent-ROI model indicates that the interwell effective radius (the radius from each extraction 
well where the cleanup criteria of 90 percent removal in one year will be satisfied) is greater 
than fifty two feet when volatilization and biodegradation is considered. Using this effective 
radius a system was designed to include seven extraction wells spaced approximately 90 feet 
apart. These wells are labeled SVE-14 through SVE-20 as shown on Drawing Y3. The array 
extends approximately 250 feet from south to north and approximately 180 feet from east to 
west. The deep soil vapor extraction well array is centered between wells MW-1 and RW-1.

These wells will remove the gasoline hydrocarbons adsorbed to soil in the sand and gravel 
lithology providing effective source reduction. In addition, it is expected that much of the soil 
vapor extracted by the interior wells will be supplied by the air sparge system. The exterior 
wells will therefore be forced to draw air from the perimeter of the soil vapor extraction well 
array. Since the pilot study has shown that flow is largely horizontal in this regime, this will 
result in effective capture of vapors liberated by the air sparge system and should extend the 
actual sparge air capture zone well beyond the effective radius predicted by VENT-ROI. In 
addition, the well spacing is approximately 15 percent more conservative than the VENT-ROI 
model output suggests, to minimize the chance for sparge air escaping capture by the deep soil 
vapor extraction system.

Based on the results of the pilot study conducted during November 1992, Groundwater 
Technology recommends installation of a multi-point air sparging system in the area where 
elevated concentrations of BTEX have been detected in the groundwater. The sparge system 
has been designed to address impacted groundwater north, west and northeast of RW-1, The 
sparge point array extends 240 feet from south to north and 180 feet from east to west. The

Groundwater
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The outer sparge wells are located beyond the soil vapor extraction well array. However, the 
deep soil vapor extraction system will capture the sparge air because, as discussed earlier, air 
flow will be predominantly horizontal in this unit toward the extraction well array.

Remediation System Design and Corrective Action Plan, Plant # 1
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distribution of dissolved BTEX and TPH concentrations for the lower saturated zone are shown 
on Figure 9. The effectiveness of the sparge system as a groundwater clean-up tool will extend 
well beyond the reported radius of influence. This will be due to an increase in the rate of 
biological decay of the hydrocarbons as a result of the increase in dissolved oxygen in the 
groundwater.

The observed radius of influence of the air sparge pilot test was twenty to forty feet. 
Groundwater Technology believes that a radius of influence of at least forty feet can be ensured 
by making a few simple changes in the construction of the sparge system air injection wells. To 
enhance the effectiveness of these wells,, each well will be installed in borings advanced to 50 
feet below ground surface. A one and one-quarter inch diameter galvanized steel well point 
with two feet of exposed 60 mesh screen will be installed at the base of this boring. Sand pack 
will be installed to completely cover the well screen how'ever, it will not extend more than one- 
foot above the screen. A three-foot thick bentonite seal will be installed immediately above the 
sand pack {the test well had sand pack six feet above the well screen) and the remainder of the 
annulus of the bore will be filled with a cement/bentonite grout. This change will force the 
sparge air into the formation approximately five feet deeper than the well used in the pilot study 
test which should result in a greater radius of influence.

The interior sparge air injection wells have been installed at the center of a triangle formed by 
the three closest soil vapor extraction wells to ensure complete capture of the vapors liberated 
by the air sparge system. Each well is within 65 feet of another sparge well which is more than 
20 percent conservative considering the expected radius of influence is at least 40 feet. In 
addition., the regular orientation of the sparge wells will allow uniform air flow, through the 
unsaturated zone of the sand and gravel unit ensuring that these soils are effectively remediated 
by the soil vapor extraction system.

i
I

Groundwater
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Parameter Air Sparge System

screened interval 18 to 28 feet BGS 32 to 37 feet BGS 48 to 50 feet BGS

I

15 psi (pressure)

number of wells 13 7 10

flow per well 17.4 scfm 67 scfm 15 scfm

1 year 1 year na

90 %90 % na

52.5 feet18.2 feet 40 plus feet

1
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2 Effective radius of influence applies only to the soil vapor extraction wells. The radius of 
influence for the air sparge system has been determined empirically.

net contaminant 
reduction desired’

Shallow Soil Vapor 
Extraction System

Deep Soil Vapor 
Extraction System

60 gauge mesh ! # 2 
Jessie Morrie sand

GROUNDWATER
Jl TECHNOLOGY

well head vacuum/ 
pressure

0.040 inch machine 
slotted / # 00 Jessie 

Morrie sand

0.040 inch rtiachine 
slotted / #2 Jessie 

Morrie sand

Remediation System Design and Corrective Action Plan. Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

Notes:
Desired soil clean-up time and net contaminant reduction are inputs into the VENT-ROI 

program. The actual clean-up time and net contaminant reduction are a function of many 
factors including water table fluctuations and the homogeneity of the subsurface soil units. 
The actual time required to meet the clean-up objective may differ from the program input.

interwell effective 
radius of influence^

Soil Vapor Extraction and Air Sparge Systems 
Wheeling-Pittsburgh Steel Corporation 

Martins Ferry, Ohio Plant No. 1

150 inches w.c. 
(vacuum)

18 inches w.c. 
(vacuum)

TABLE 3
Design Summary

i
i

screen size/sand 
pack size

desired soil clean-up 
time’



3.4 Air Treatment System

SVE Test Result (ppbj SVE/ASP Test Result (ppbjAnalyte

benzene 41 69

94 200toluene

ethylbenzene 19 35

82xylenes 170

total BTEX 240 470

mi.sc. aliphatics 16000 18000

misc. aromatics 160 250

total hydrocarbons 16000 19000

Notes:

Soil vapor samples analyzed for BTEX and gasoline hydrocarbons using modified EPA Method

i
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During the soil vapor extraction and air sparge pilot study, soil vapor samples were collected for 
laboratory analysis. The results of these analyses are presented in Table 4.

Wheeling-Pittsburgh Steel Corporation 
Martins Ferry, Ohio Plant No. 1 

November 17 & 18, 1992
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Evaluation of the petroleum hydrocarbon concentrations in the soil vapor initially indicates that a 
thermal or catalytic oxidation process is required to provide cost-effective treatment of the long­
term system. However, it is important to note that the soil vapor contained mostly aliphatic 
compounds. These compounds are typically low molecular weight / highly volatile compounds. 
They are usually present in high concentrations in samples collected during pilot studies but the 
concentrations usually decline rapidly during the first several days or weeks of full-scale system 
operation. Based on this experience with soil vapor extraction system operation. Groundwater

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County. Incident #0702394-01

TABLE 4
Soil Vapor Sample Analysis’

1

T03.
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The transient start-up condition in which aliphatic compourids will be present in the soil vapor 
will result in higher carbon usage rates during this period. Gas fired and electrically heated 
catalytic oxidation units as well as activated carbon adsorbers were considered for use at this 
site. However, the concentrations of aliphatic compounds will not persist long enough to 
warrant additional cost/benefit analyses between activated carbon and thermal/ catalytic 
processes. Groundwater Technology believes that activated carbon will provide cost-effective 
removal of the petroleum hydrocarbons from the soil vapor stream.

Technology evaluated the concentration of BTEX and other miscellaneous aromatics in the soil 
vapor. Gac-Use, an internal computer model which predicts activated carbon usage based on 
isotherm developed by Michigan State University, was used to predict activated carbon usage 
rates for the site. The model predicted less than one ton of carbon per year when only the 
concentration of BTEX compounds was input and slightly more than one ton when it was 
assumed that the miscellaneous aromatics would adsorb in a manner similar to benzene.

The actual initial influent concentrations and the decrease of these concentrations with time are 
impossible to predict for a system with as many extraction and air sparging wells as the 
proposed system. Groundwater Technology anticipates that the initial charge of activated 
carbon {one ton) will be exhausted with the first month or two of operation. As a result, field 
monitoring of the effluent concentration from these adsorbers should be conducted to determine 
when a change out is required. To assist in prediction of activated carbon exhaustion rate. 
Groundwater Technology recommends collection of a soil vapor sample from the inlet to the 
adsorbers for laboratory analysis. Once the inlet concentrations are known activated carbon 
isotherms will be used to predict the approximate online time which can be expected for each 
adsorber.

□□H Groundwater
JuD Technology 0



4.0 SYSTEM DESIGN

Deep Soil Vapor Extraction System4.1

i
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I he layout, well construction and well head piping details of the deep soil vapor extraction 
system are shown on Dravi/ing Y3.

4.1.2 Piping Network
A tee fitting will connect the soil vapor extraction well to the extraction blower through four 
inch-diameter, schedule 40, PVC pipe. The piping for all wells located outside the existing 
building will be installed in a below grade trench. The pipe will be sloped toward the extraction 
well at a 0.5% grade to minimize moisture entrainment. The pipe will rise above grade at the 
east side of the existing building and will penetrate through the building wall. A four inch 
diameter butterfly valve for flow control and a pressure gauge will be installed in the piping 
before each of the wells are manifolded to the suction side of the extraction blower. Similarly 
the soil vapor extraction wells installed inside the existing building will be piped to the blower 
manifold using four-inch diameter schedule 80 PVC pipe. This pipe will be routed overhead and 
will be supported on hangers installed at the building "I" beam support columns.

The following sections describe in detail the design of the deep and shallow soil vapor 
extraction systems as well as the air sparge system. Additional detail is provided on the 
engineering drawings included with this report.

4.1.1 Well Design
Four-inch diameter, 0.040-inch machine slotted, PVC well screen and PVC well casing will be 
used to construct the deep extraction wells. Each well will be installed in a 8.25-inch diameter 
boring installed to approximately 37 feet below ground surface. However, adjustment to the 
depth of the boring will be made in order to locate the screen within the sand and gravel and 
above the seasonal high water table. A five foot long section of screen will be installed at the 
base of the boring and the casing will be extended to ground surface. The annular space 
around the screen wiil be filled with Jessie Morrie # 2, or equivalent, v/ashed sand. A three 
foot thick bentonite seal will be installed in the annulus immediately above the screen and sand 
pack. The remainder of the boring will be filled with a cement/bentonite grout to grade.

UUm GROUNDWATER 
□□□technology



4.2 Shallow Soil Vapor Extraction System
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4.2.1 Weil Design
Two-inch diameter, 0.020-inch machine slotted, PVC well screen and PVC well casing will be 
used to construct the shallow' extraction wells. Each well v/ill be installed in a 6.25-inch 
diameter boring installed to approximately 28 feet belov7 ground surface. However, adjustment 
to the depth of the boring may be made in order to locate the screen w'ithin the sandy clay zone 
above the sand and gravel unit. A ten-foot long section of screen will be installed at the base of 
the boring and the casing will be extended to ground surface. The annular space around the 
screen will be filled with Jessie Morrie # 00, or equivalent, washed sand. A three-foot thick 
bentonite seal w-ill be installed in the annulus one foot above the screened interval. The 
remainder of the boring will be filled with a cement/bentonite grout to grade.

The blow'er assembly will be equipped with an inlet moisture separator equipped with a high 
water level shutdown and with inlet and outlet silencers. This skid-mounted, belt-driven system 
will be equipped with guards which comply with OSHA requirements.

The layout, well construction and well head piping details of the shallow soil vapor extraction 
system are shown on Drawing Y4.

Remediation Sy.stem Design and Corrective Action Plan, Plant # 1
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4.1.3 Extraction Blower
The extraction blower for the deep soil vapor extraction system must be capable of moving 675 
standard cubic feet per minute of soil vapor at a vacuum of 18 inches of water column. The 
blower selected for this application is a positive displacement blower manufactured by Spencer 
Turbine (or equivalent). The blower is equipped with a 7.5 horsepower explosion-proof motor 
energized by 460 volt, three-phase electric power.

4.2.2 Piping Network
A tee fitting will connect the soil vapor extraction well to the extraction manifold through a two 
inch-diameter, schedule 40, PVC pipe. The piping will be installed in a below grade trench and 
the pipe will be sloped toward the extraction well at a 0.5% grade. The extraction manifold will 
be located in an above ground "dog house" structure near MW-1. A two-inch diameter butterfly 
valve for flow control and a pressure gauge will be installed in the piping before eac.h of the 
wells connect to the manifold. The manifold will be connected to the extraction blower through 
a four inch-diameter, schedule 40, PVC pipe. The pipe will rise above grade at the east side of 
the existing building and will penetrate through the building wall. The piping network has been 
designed to limit the friction loss to less than 6-inches of water column between any shallow

□□H Groundwater



4.3 Air Sparge System
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The layout, well construction and well head piping details of the air sparge system are shown 
on Drawing Y2.

^GROUNDWATER 
]□! TECHNOLOGY

As discussed in Section 3.1.1, 3/8-inch diameter tubing will be inserted into each shallow soil 
vapor extraction well extending back to piping manifold, tp extract water from the perched 
water table if necessary. The tubing will be capped at the extraction manifold for future use. A 
two inch-diameter, schedule 40 PVC, water discharge pipe and tw'o, one inch-diameter electrical 
conduits will be installed between the blower equipment compound and the shallow system 
piping manifold enclosure.

The blower assembly will be manufactured vvith an inlet moisture separator equipped with a 
high water level shutdown. Inlet and outlet silencers will be provided to minimize noise. This 
skid-rnounted, belt-driven system will be equipped with guards which comply with OSHA 
requirements.

well and the extraction blower. Construction details for the piping system are shown on 
Drawings Y5 and Y6.

4.3.1 Well Design
A one and one quarter-inch diameter, galvanized steel w'ell point and galvanized steel pipe will 
be used to construct the air sparge wells. Each well will be installed in a 6.25-inch diameter 
boring installed to approximately 50 feet below ground surface. However, adjustment to the 
depth of the boring may be made in order to locate the screen vjithin the sand and gravel zone a 
minimum of ten feet below the average water table elevation. The well point which is 
constructed with a two-foot long section of 60 mesh screen will be installed at the base of the 
boring and the casing will be extended to ground surface. The annular space around the screen 
will be filled with Jessie Morrie # 2, or equivalent, washed sand. A three foot thick bentonite

Remediation System Design and Corrective Action Plan, Plant # 1
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4.2.3 Extraction Blower
The extraction blower for the shallow soil vapor extraction system must be capable of moving
240 standard cubic feet per minute of soil vapor at a vacuum of 150 inches of water column. 
The blower selected for this application is a positive displacement blower manufactured by 
Spencer Turbine (or equivalent). The blower is equipped with a 15 horsepower explosion-proof 
motor energized by 460 volt, three-phase electric power.
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4.4 Air Treatment
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The blower assembly will be manufactured with an inlet and outlet silencers to minimize noise. 
An interlock will be provided to allow operation of the sparge blow/er only when the deep soil 
vapor extraction system is operational. This skid-mounted, belt-driven system will be equipped 
with guards which comply with OSHA requirements.

seal will be installed in the annulus one foot above the screened interval. The remainder of the 
boring will be filled with a cement/bentonite grout to grade.

Activated carbon adsorption is recommended to removed gasoline constituents from the soil 
vapor extracted from the shallow and deep soil vapor systems. Adequate contact time, and 
even distribution of air flow through the beds are critical to the design of a vapor phase 
activated carbon adsorption system. Groundwater Technology recommends installation of two 
Ventsorb units manufactured by Calgon Corporation. Each of these vessels will contain 1,000 
pounds for granular activated carbon and the adsorption vessels will be equipped with ten-inch 
diameter inlet and outlet ports to minimize pressure drop.

4.3.3 Air Injection Blower
The blower for the air sparge system must be capable of moving 240 standard cubic feet per 
minute of compressed air at a pressure of 16 psig. The unit selected for this application is a 
duplex unit which consist of two blowers arranged in series. Both blowers are positive 
displacement models manufactured by Spencer Turbine (or equivalent). The blower is equipped 
with one, 25 horsepower explosion-proof motor energized by 460 volt, three-phase electric 
power.

4.3.2 Piping Network
A tee fitting and a two-inch, galvanized steel pipe will connect each air sparge well to the 
manifold located in the treatment area. The piping for all wells located outside the building will 
be installed in a below grade trench. The piping will rise above grade at the east side of the 
existing building and will penetrate through the building wall. A two-inch diameter butterfly­
valve for flow control and a pressure gauge will be installed in the piping before the manifold at 
the pressure side of the blower. Similarly the sparge wells installed inside the building will be 
piped to the blower manifold using a two inch-diameter galvanized steel pipe. This pipe will be 
routed overhead and will be supported on hangers installed at the building "I" beam support 
columns. Construction details for the piping systems are shown in Drawings Y2 and Y6.

□E GROUNDWATER 
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4.5 Treatment System Area
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The treatment area will be located inside the existing site building west of MW-6. The 
treatment area will house the following equipment: two soil vapor extraction blowers, one air 
sparge blower, two vapor phase carbon adsorption units, three pipe manifold systems and all 
piping and electrical appurtances. The treatment area will take up an area approximately 30 ft. 
by 30 ft. square.

Remediation System Design and Corrective Action Plan, Plant # 1
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In addition to the treatment area, an enclosure for the shallow soil vapor extraction piping 
manifold will be located outside the building in the area of MW-1. A 8 ft. by 8 ft. concrete pad 
will be installed to support the piping manifold and enclosure. The enclosure will be of "dog 
house" type construction and will provide security and access for the piping manifold.

GROUNDWATER
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HEALTH AND SAFETY5.0
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In accordance with the requirements of the federal Occupational, Safety and Health 
Administration (OSHA) 29 CFR 1910 and 29 CFR 1929, a Site Specific Health and Safety Plan 
will be prepared. The plan will address the physical and chemicai hazards posed to installation 
personnel, subcontractors and Wheeling-Pittsburgh Steel employees. The plan will include a 
description of air monitoring activities for gases or particulates that may be present at the site or 
liberated into the air as the result of site activities. A section of the plan will define the air 
monitoring and other procedures required while working inside the building. The plan will also 
include a description of contingency measures, if applicable, for containing contamination during 
the performance of site invesiigation activities.

pn@ GROUNDWATER
LJ ^LjI TECHNCftX)GY ®



SYSTEM START-UP AND OPERATION AND MAINTENANCE6.0

Baseline Monitoring: prior to start-up of the remediation system

Short-term monitoring: the month of operation following the start-up period;

Long-term monitoring: the remainder of system operation.

Baseline Monitoring6.1

The groundwater elevation will be measured at each monitoring well;e
-L

Groundwater samples will be collected from each groundwater monitoring well;e

6.2 Start-up Monitoring
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The shallow and deep soil vapor extraction systems will be activated first. On the seventh day 
of operation, the air sparge system will be activated.

The pressure will be measured at each groundwater monitoring well and the 
monitoring points installed to conduct the pilot study;

The dissolved oxygen concentration will be measured in a grab sample collected 
from each groundv^ater monitoring well.

The start-up and operation and maintenance plan developed for this site has been designed to 
allow collection of data necessary to ensure proper operation of the systems and to allow 
Wheeling-Pittsburgh Steel and BUSTR to track the progress of the remedial activities. This start 
up and O&M plan has been divided into four time periods;

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

Start-up: the first two weeks of SVE system operation which includes the first 
week of air sparge system operation:

■ ■ ■:s-t Prior to activation of the soil vapor extraction and air sparging systems, the following 
parameters will be monitored to establish baseline conditions:

Soil Vapor Extraction Systems Start-Up
After the baseline parameters have been measured, the shallow soil vapor extraction system will 
be activated. The system will be monitored after one hour of operation and on the third, fifth 
and seventh day of operation. The following conditions will be monitored:

□□@1 Groundwater



System air extraction rates (after one hour of operation and on days 3, 5 and 7);

Groundwater elevation in each monitoring well (on days 3, 5 and 7); and

Dissolved oxygen concentrations in groundwater at each monitor well (day 7).

Groundwater elevation in each monitoring well (on days 9, 11 and 14); and
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Soil vapor extraction and air injection rates (after one hour of operation and on 
days 9, 11 and 14);

Pressure (vacuum) in each monitoring well and the monitoring points installed to 
conduct the pilot study (after one hour of operation and on days 3, 5 and 7);

In addition, air samples will be collected from the influent and effluent sides of the air treatment 
system after one hour of operation and on day 7. These samples will be submitted to an 
environmental laboratory to be analyzed for BTEX and Cg through Cio Hydrocarbons.

Volatile organic compound concentrations in the system off-gas (before and after 
carbon treatment) using a field photoionization detector (after one hour of 
operation and on days 3, 5 and 7);

Pressure (vacuum) in each monitoring well and the monitoring points installed to 
conduct the pilot study (after one hour of operation and on days 9, 11 and 14);

Volatile organic compound concentrations in the system off-gas (before and after 
carbon treatment) using a field photoionization detector (after one hour of 
operation and on days 9, 11 and 14);

Dissolved oxygen concentrations in groundwater at each monitor well (after one 
hour of operation and on days 9, 11 and 14).

Air Sparge System Start-Up
On the seventh day of operation of the shallow and deep soil vapor extractions system, the air 
sparge system will be activated. The system will be monitored after one hour of operation and 
on the ninth, eleventh and fourteen day of operation. Days of operation are based on the initial 
start-up of the shallow and deep soil vapor extraction system. The following conditions will be 
monitored:

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

In addition, air samples will be collected from the influent and effluent sides of the air treatment 
system after one hour of operation and on day 14. These samples will be submitted to an 
environmental laboratory to be analyzed for BTEX and Cg through Cio Hydrocarbons.

□□H Groundwater □□□I technology .



Short-Term Monitoring6.3

e

Soil vapor extraction and air injection rates;

Groundwater elevation in each monitoring well; and

; .i Dissolved oxygen concentrations in groundwater at each monitor well.

Periodically, air samples will be collected from each of the following locations:

Shallow soil vapor extraction system air stream (before treatment);

Deep soil vapor extraction system air stream (before treatment);

After treatment by both GAC vessels.9

Ensure compliance with air discharge permit requirements;

Evaluate system effectiveness; and

Long-Term Monitoring6.4

P:\STAFF\SHAW\WPSC\RSD-CAP.FIN

j

28
April 26, 1995

Combined air stream, collected from between up-stream and down stream 
granular activated carbon (GAC) vessels;

Volatile organic compound concentrations in the system off-gas (before and after 
carbon treatment) using a field photoionization detector;

After completion of the one month Short-Term Monitoring Program, a Long-Term Monitoring 
Program will be implemented. The program will consist of bi-monthly (twice per month) site

Pressure (vacuum) in each monitoring well and the monitoring points installed to 
conduct the pilot study;

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel, Martins Ferry. OH, Belmont County. Incident #0702394-01

Predict when breakthrough of the primary air treatment system will occur and 
allow scheduling of carbon change-out of the primary air treatment system.

These samples will be submitted to an environmental laboratory to be analyzed for BTEX and C4 
through Ciq hydrocarbons. The results will be reviewed and used to:

For the first month after completion of System Start-Up field activities, the system will be 
monitored on a weekly basis (once per week) for four weeks. During each weekly visit, the 
following parameters will be measured:

□□H groundwater 
□□□ TECHNOLOGY .



Soil vapor extraction and air injection rates;

Groundwater elevation in each monitoring well; and

Dissolved oxygen concentrations in groundwater at each monitor well.

Periodically, air samples will be collected from each of the following locations:

Shallow soil vapor extraction system air stream (pre-treatment);

Deep soil vapor extraction system air stream (pre-treatment);

After treatment by both GAC vessels.

Ensure air discharge permit compliance;

Evaluate system effectiveness;

Predict carbon break-through; and

Determine if asymptotic closure criteria have been met:
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Volatile organic compound concentrations in the system off-gas (before and after 
carbon treatment) using a field photoionization detector;

These samples will be submitted to an environmental laboratory to be analyzed for BTEX and C5 
through C^o Hydrocarbons. The data will be reviewed and summarized on a monthly basis to:

Pressure (vacuum) in each monitoring well and the monitoring points installed to 
conduct the pilot study;

visits to monitor the system operation of the system. During each site visit, the following 
parameters will be measured:

Periodically, groundwater samples will be collected from monitor wells MW-6D and MW-9D. 
These samples will be laboratory analyzed for BTEX and TPH as Gasoline. The results will be 
revievi/ed on a monthly basis to determine when asymptotic closure criteria are met.

Remediation System Design and Corrective Action Plan, Plant # 1
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Combined air stream, collected from between up-stream and down stream GAC 
vessels;

ODE Groundwater 
□□□I TECHNOLOGY .



7.0 CLOSURE DETERMINATION
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e
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^Asymptotic conditions will be satisfied if the asymptote criterion described in Method 1 in API 
publication 4510 are satisfied over a consecutive 6 month period.

The concentration of dissolved benzene in groundwater samples collected from 
MW-9D has declined and asymptotic conditions have been achieved.

The soil vapor extraction system will be operated for a minimum of one year. After one year of 
operation, the results of the groundwater sampling and analysis program will be reviewed 
against the Category 3 action levels. If the samples results shov/ that the groundwater 
concentrations are lower than the action limits a "no further action status" will be requested 
from BUSTR.

Remediation System Design and Corrective Action Plan, Plant # 1
Wheeling Pittsburgh Steel. Martins Ferry. OH, Belmont County, Incident #0702394-01

If the Category 3 action limits have not been achieved an alternative method will be employed 
to determine when to apply to BUSTR for a determination of no further action. The elements of 
the alternative approach are described below:

The concentration of volatile organic compounds in the effluent from the deep 
soil vapor extraction systems have declined and asymptotic conditions have 
been achieved;

The concentration of volatile organic compounds in the effluent from the shallow 
soil vapor extraction systems have declined and asymptotic^ conditions have 
been achieved;

The concentration of dissolved benzene in groundwater samples collected from 
MW-6D has declined and asymptotic conditions have been achieved; and

□□@1 GROUNDWATER
□□□I TECHNOLOGY ®
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EXISTING BUILDING 
EXTERIOR WALL

CARBON ADSORBTIOI 
UNIT, VOAC—1 
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SOIL VAPOR
EXTRACTION BLOWER. 81

SOIL VAPOR 
EXTRACTION BLOWER. 83
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CARBON ADSORBTIOI 
UNIT, VCAC-2 

40” OIA. X SB” H.
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+
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MO. I OATt I rr T tCVtStOH

VALVE ANO PIPINQ SYMBOLS GENERAL INSTRUMENT SYMBOLS PROCESS LINE ABBREVIATIONS

o ONE VAMAMf two VAMAMMtxj GLOBE VALVE BASKET TYPE STRAIHER AIR. ATMOSPHERIC PRESSUREo oo BACKWASHLOCALLY mountedGATE VALVE Y-TYFE STRAINER

©* e eebuttertly valve duplex strainer PANEL MOUNTED
DRAIN0

Zl eCHECK VALVE SLEEVE COUPLING (SC) G 03 rear-of-panel mountedYPLUG VALVE FLOOR DRAIN
GROUNDWATERCW

INTERLOCKY NOH-POTABLE WATER3-WAY VALVE eOUiPMENT DRAIN

p
CLEANOUT (CO)ANGLE VALVE PURGE

th RELIEF OR SAFETY VALVE removable plug

tSi LINK SYMBOLSDIAPHRAGM VALVE REMOVABLE CAP

101 VBALL VALVE BLIND FLANGE PROCESS PIPES OR CHANNELS

fGLOBE VALVE EXHAUST TO ATMOSPHERE (INSIDE)

PIPING MATERIAL lOENTIFICATION
EXHAUST TO ATMOSPHERE (OUTSIDE)

PNEUMATIC SIGNAL
dJEj KNIFE CATE C5HVALVE REDUCER

♦ ELECTRIC SIGNALBACKFLOW PREVENTER UNION

NORMALLY OPENMO QUICK DISCONNECT COUPUNG ■K- 4<- CAPILLARY TUBING (FILLED SYSTEM)

BNORMALLY CLOSED GAUGE SEALMC
t---- HYDRAUUC SIGNAL

SAMPLE PORTSP DAMPER

hzH FLEXIBLE HOSE
APPROVALS

VALVE OPERATOR SYMBOLS soNAnm OATt

RCVCW CNCth

DIAPHRAGM WITH POSmONERSOLENOID INSTRUMENT EMENTIROATION TABLE P«MCCT CMCHi

PWMCCT MCRj

T PROCESS PtPINO BMENTlFlCATiONMOTOR. EUCTRIC HANDWHEEL OR LEVER CUCMTt

HRST UTTM succaDBie unmA CHAINWHEELDIAPHRAGM
PROCESS PIPE

® GroundwaterMCAS^O OR 
RgngnMC VAWAKX OUTPUT FUNCTIONMOCMFKR MOOrtCR

PIPE DIAMETER (INCHES)

TechnologyA ANALYSIS K3a(,-rf-z
B LJ UPRIMARY ELEMENT SYMBOLS - PLOW BURNCR FLAME

c CONTROLCONOUCTMTY
(•IT) 7M-7Mn

D OCWSITY (SP. CR.) >—INSULATION CLASS4iF FLUMEORIFICe PLAH
VOLTAGE PRIMARV ELEMENT I—PIPING DESIGN TABLE HUMBER

FLOW Rate RATIO ^PROCESS UNE ABBREVIATION
PITOT TUBE WEIR CAUONC (WMCNSIONAL CIASS

HANO (MANUAL)—m I CURRENT MOKATC
POWER SCAN

CONTROL STATIONTIME OR SCHEDULE
MAGNETIC FLOW METER

JCHT (PILOT)
MSTRUMENT DENTIHCATION WNOLINO PITTSMfROH

----- N © STSn. CORPORATIONROTAMETCB 0 CMVICE
P PRESSURE OR VACUUM POINT (TEST)

SUFnX (NOT NORMALLY USED)
OUAKT. OR EVENT MTECRATE

’—LOOP NUMBEREOU9MENT SYMBOLS RAMOACnVITY RECORD OR PRINT
>—SUCCEEOINC LETTERSswncHSPEED OR FREQ. SAFETY

>— nRST LETTERTRANSMTTEMPERATURESUBMERSIBLE PUMP
MULTTUNCnON

RMCnOM ABMOnnATIONtvalve or Damper

"0" weaWEIGHT OR FORCEBLOWERPUMP I 1X UNCLASSmCDUNCLASSmEO
RPAY OR COmPVIE

DRIVE, actuatePOSITION e/24/94 0076PLEC
)0 ( PROXCT HO.: CONTRACT:AIR COMPRESSOR

04 T 00-0076
ORAWMO: REVISION:

PI

loccxco rr: 
TES

(OB. VATOR iXTRACnON AND 
AK trA«eM» SYBTBM

MARTM nmv. OMO 
HANI No.1

EFFLUENT
EXHAUST

f.OTt’ niicnoH

T
?

CAL 
PE

OC
00

00 
PC 
n 
FL 
FO 
NOA 
VI

LEL 
LR

CA 
COW

<e> PRODUCT 
P0TA8U WATER

CPVC 
CSP 
COP 
CUP 
OP

PVC 
RCP 
HOSE 
s$ 
VCP

s 
SI 
SP 
ss 
SVE

LOW

tMDOU

ELECTROMAGNETIC OR SONIC SIGNAL 
NO WIRING OR TUBING

SELF-CONTAINED PRESSURE 
REGULATING VALVE W/REUEF

TURBINE OR PROPELLOR 
TYPE METER

EPF 
EXH

OSC 
ss > < v~ r

nr-iooA
V ^1 L_<

averaging pitot 
TUBE

venturi or 
FLOW TUBE

CHLORINATED POLYVINYL CHLORIDE 
CARBON STEEL PIPE 
COPPER
CORRUGATED METAL PIPE 
CAST IRON PIPE 
DUCTILE IRON PIPE 
GALVANIZED STEEL PIPE 
POLYETHYLENE PIPE 
POLYPROPYLENE PIPE 
POLYVINYL CHLORIDE PIPE 
REINFORCED CONCRETE PIPE 
RUBBER HOSE
STAINLESS STEEL PIPE 
VITRIFIED CLAY PIPE

SANITARY 
SLUDGE 
SAMPLE PORT 
STORM SEWER 
SOIL VAPOR 
TOTAL FLUIDS

RPMQ a MSTRUMENTATION 
IMAQRAM LCOCND

COMPRESSED AIR 
CONTAMINATED GROUNDWATER

HIGH SELECT 
LOW SELECT 
SQUARE ROOT 
ADD OR TOTAUZE

VENT 
VAPOR

PNEUMATIC DIAPHRAGM 
PUMP

TOTALIZING 
FLOWMETER

OCSKMCO SV: 
JAC

DATV:

CONNECTION TO PROCESS. MECHANICAL 
UNK OR INSTRUMENT SUPPLY

OPEN-CLOSE
On-off (maintained) 
OXIDATION REDUCTION POTENTIAL 
OPEN-STOP-CLOSE (MOMENTARY) 
START-STOP (MOMENTARY)

DISSOLVED OXYGEN 
FAIL CLOSED 
FAIL INDETERMINATE 
FAIL LOCKED 
FAIL OPEN 
HAND-OFF-AUTOMATIC 
CURRENT—TO—CURRENT 
CURRENT-TO-PNEUMATIC 
LOWER EXPLOSIVE UMIT 
LOCAL-REMOTE

Idctauxo rn 
I VK 

IfmxT

o

UULTlVMIMMt
VtSCOSfTY

B CDCCWATtR WtlVC 
Nomwoo. »«A oao«2

£ 
M

2.£
£
L£

£ 
Z

E
F
£ 
H

£ 
K

LEVEL____________
MOtSTUK OR HUURXTY



REVISION

ON/OFF

FQISVE-1 2*-S\«-PVC,

eI SP & a.OW METER

T
0

SOIL VAPOR BLOWER, 61
r-SVE-PVC

TO ATMOSPHCRC

a

OH/OFF
1Cr-SV6-HOSE

T1 ■G-

SKMKTURCVOAC-I yGAC-2
REVCW ENCR:

g PROJECT ENGR:
■* er-svE-fvc PROJECT MGR:■KHt + CUCMT:

SP &SP w aOW METER

y y SOIL VAPOR BLOWER. B2

(617) 769-7600
J

4 ON/OFF
I

>tv|

WHKKLINQ PITTSBUROM

f y-JMR-<3ALVQ STML CORPORATION

} AJR
FLOW METER

SVE-14

| I kD
ASP-1

REVtSKM:

1

CHECKED BY: 
TESI

lor-svE-Hose
xP I

DETAILED BY: 
VK 
IfTLE:

FILTER
F2

ALTER 
Fl

Vi

I
I 
b

MOISTURE
TRAP

r 
I 
I

100 R1VIB mooe drive 
NORWOOD, MA 02002

pvrna * MSTmMENTATION 
DiAORAM

SOI. VAPOR EXTRACTION AND 
AK SPARCVie SYSTBR

i

r
I 
I 
I

MARTMS FB»Y. OHIO 
PLANT No.l

SHALLOW SOIL VAPOR EXTRACTION WELLS 
(TYPICAL OF SVE-1 THROUGH SVE-3)

MFR: SPENCER TURBWE 
MODEL #: RBL 90 
CAP^OTY: 475 SCFM • ir W.C. 
RA'nNO: 7.^ HP. 460V. 3 PH

Cp Groundwater 
jLDI Technology

AIR SPARGE POINTS 
(TYPICAL OF ASP-1 THROUGH ASP-10)

MFR: SPENCER TURBINE 
MODEL f: R8L 60 
CAPACITY: 243 SCFM • ISCT W.C. 
RATING: 15 HP. 46CV. 3 PH

MOISTURE
KNOCK-OUT VESSEL

SP

DEEP SOIL VENT EXTRACTION WELLS 
(TYPICAL OF SVE-14 THROUGH SVE-20)

I 
I
1

AIR SPARGING BLOWERS. B3 A B4 
MFR SPENCER
UOOCL t-. KBSO A R840

I

I

i
I 
I

I 
bir-svE-fvc,,4------ tM
I 
I

1 
I

I 
I 
I 
I 
I 
I

I 
I

MOISTURE
KNOCK-OUT VESSEL

r
I 
I

1 
I 
I

I 
b

DESIGNED BY: TI 
JACTES I 

DRAM1N0 0A1E:

PROJECT NO.:
04100-0076 

DRAWING;

P2

T
D

©

VAPOR PHASE GRANULAR ACTIVATED
CARBON AOSORBTION UNITS VGAC-1 & VGAC-2 

MFR: CALGON
MODEL HIGH FLOW VENTS0R8 
CAPACfTY: 1,000 *m OF CARBON 
RATING: 1.000 SCFM B < W.C.

NO. I DATE I BY|

1 3/10/95 TES REGULATORY REVIEW 
ANO COLLECnOH OF 
ADOmONAL SITE DATA

0076PID1
CONTRACT:

[

I
■ control panel

5
I CONTROL PANEL
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A
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I
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HT-SVE-HOSE

I control panel
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* I PI I

n
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PLAN SYMBOLS

NO* CONSTRUCTION CONDUIT TURNING DOWN I t-1 I FtUORESENT lUNINAIRt TYPE U-1ONE-LINE DIAQRAM SYMBOLS

OElexisting construction CONDUIT WITH BUSHING

—||-<Yy- FUU VOLTACC, HON-REVERSINC 
’ • (K\nto\ kjnTAB ctaoti

FUSED POTENTIAL TRANSFORMERS CONDUIT TERMINATED OR CAPPED
(FVNR) MAGNETIC MOTOR STARTER EMEGENCY UCHTING UNIT

MANUAL MOTOR STARTER [ ]CONDUIT EXPOSEDCURRENT TRANSFORMER POWER PANEL-4B0V. 3AEQUIPMENT ENCLOSURE

CONTROL OR INTERLOCK CIRCUIT l*Si AMMETER SWITCH

POWER TRANSFORMERI CZP DISCONNECT (SAFETY) SWITCHconnection VOLTMETER SWITCH:*si

-Hi. UGHTNIHG OR SURGE ARRESTER

© MANUAL MOTOR STARTERMOLDED CASE CIRCUIT BREAKER AMMETER .*****^ FUXIBLE CONDUIT (UQUIO TICHT)

1" GROUND CONNECTION
MAGNETIC MOTOR STARTER©FUSE ©VOLTMETER — — GROUND CABLE THERMOSTAT

FUSED DISCONNECT SWITCH SINGLE POLE SWITCHSbolted ground connection

-4 THREE-WAY POLE SWITCHS3MOTOR (NUMBER INDICATES HP)WELDED GROUND CONNECTIONMOTOR - NUMBER INDICATES HP

FOUR-WAY POLE SWITCHS4GROUND ROD 0 PULLBOX

□ JUNCTION BOX

< CONDUIT TURNING UP EXIT LIGHT

SICNATVRe DATC

mmcCT ewob

PROJECT MOP:

SCHEMATIC DIAQRAM SYMBOLS CUENT:

GENERAL ABBREVIATIONSO«3O LIMIT SWITCH NC□ TERMINAL0

4- LIMIT SWITCH NC-HELD OPENCONDUCTOR CONNECTION
HAND PROGRAMMABLE LOGIC CONTROLLERA* AUTO H PIC (ei7)+ NO CONNECTION HIGHM REMOTEACK

ABOVE nNISH aOOR HIGH SPEEDNSATT RCV
O-| pc CONTACT NORMALLY OPEN (NO) Ojt, INDfCATING UCHTAPO SOL

INSTANTANEOUSMST SP
O^fo CONTACT NORMALLY CLOSE (NC) towLC SS

LOCALtoeCO «vVSWITCH
LOW SPEEDLS THERMOSTATCL T. T-OTATO

SELECTOR SWITCH MANUALCPT TDACO ‘SS UMIT SWITCH NO WNIIUNQ FITTBBURQHMOTOR STARTER COIL MOTOR CONTROL CENTERCO MCC TOAP

BTBKL CORPORATIONLIMIT SWITCH NO-HELD CLOSED NCo o cso CT TCMPREUY COIL FUSE
TMR

0 OFTCTM OCONTROL POWER TRANSFORMER (CPT)C
thermal overload REUYPU OL XPMO

OPENOP XPGROUND
SOLENOID VALVE COIL PUSHBUTTONCNO

[EH HORN

I-4’F~ THtRHAL OVERLOAD RELAY COHTACT

BD OEU

IPROJECT NO.:
04100-0076

RC^ASOW:

L-A

PUSHBUnON-NORMAUY OPEN 
MOMENTARY

$

$

Y-YCUOW

eLEcrmcAL maqram 
LEGEND

m Groundwater
ni Technology

UCHTING PANEL-120/240V. !• OR 
208/120. 3*

TEMPERATURE SVOTCH-OPCNS OH 
RIS.HG TEMPERATURES

TIMER
WEATHERPROOF *08. VAPOR EXTRACnOM AND 

AK WAJMMO tYSTBM

MARIW* FKRV, OHO 
KANT NO.I

"I?

EXISTING CONSTRUCTION TO BE 
removed

INCANDESCENT OR H.I.D. LUMINAIRE 
type L-1

ISO NORWOOD PMK SOUTH 
NORWOOD. Mk mon

CHCCKED RT: 
tes

-------- CONDUIT CONCEALED IN WALL 
CEIUNC OR HIDDEN FROM VIEW

TEMPERATURE SWHCH-CLOSES ON 
RISING TEMPERATURES

EMERGENCY FLUORESENT UCHTING 
FIXTURE

NO TIME OCUY CONTACT. TIME DEUY 
OPENING AFTER DE-ENERQZATION

NC TIME DEUY CONTACT. TIME DEUY 
CLOSING AFTER DE-ENERGIZATION

CiRCUn AND EQUIPMENT INSTALLED 
BY THIS CONTRACT

RECEPTACLE-CUSS I. DIVISION 1, 
GROUPS C. D

0076EUC
CONTTMCTr

KW-HOUR METER SOCKH. METER 
FURNISHED BY UTIUTY.

RECEPTACLE-CLASS L DIVISION 1. 
CROUPS C. D

DUPLEX RECEPTACLE 
WP-WEATHERPROOF 
CFCI-CROUND FAULT CIRCUIT 
INTERRUPTER

HOMERUN. ARROWHEADS INDICATE 
NUMBER OF ORCUITS

____CONDUIT CONCEALED IN FLOOR OR 
UNDERGROUND

ABOVE FINISH GRADE 

BARE COPPER 

CONDUIT

PRESSURE OR VACUUM SWITCH-OPENS 
WITH INCREASING PRESSURE OR 
DECREASING VACUUM

OlO

TIME DEUY AFTER ENERGIZATION
TIME DEUY AFTER DE-ENERGlZAnON 

time DEUY REUY
TEMPERATURE

UQUIO LEVEL SWITCH-OPEHS ON 
RISING LEVEL

transformer

EXPLOSIOHPROOF-CUSS I. WVISION I, 
croups C, 0

NORMAUY CLOSED
NIGHT LIGHT (UNSWTTCHED FIXTURE) 
NORMALLY OPEN

COMBINATION MAGNETIC MOTOR 
STARTER

PRESSURE OR VACUUM SWITCH-CLOSES 
WITH INCREASING PRESSURE OR 
DECREASING VACUUM

NO TIME DEUY CONTACT. TIME DEUY 
CLOSING AFTER ENERGIZATION

FLOW SWITCH-CLOSES WITH INCREASING 
FLOW

PUSHBUTTON-NORMALLT CLOSED 
MOMENTARY

NC TIME DEUY CONTACT. TIME DEUY 
OPENING AFTER ENERGIZATION

now SWITCH-OPENS WITH INCREASING 
FLOW

reverse

SOUNOID (OTHER THAN VALVE)
SPARE

SELECTOR SWITCH
SOLENOlO VALVE

AUTOMATIC 

ACKN01NL£DGE

IDCTMXD
I VK 

IntE:

®

CIRCUIT BREAKER
CLOSE
COMTROL POWER TRAMSFORMER 

CONTROL RELAY
CONTROL SWITCH
CURRENT TRANSFORMER 
drawing

elapsed time meter

FUSE
forward

ground

UOUIO LEVEL SWITCH-CLOSES ON 
RISING LEVEL

INDICAT1N0 LIGHT-COLOR INOICATEO

■i-Mjui:
MKOa

ORAlMNO:

El

OeSCNED BY: 
MM 

OA7C:
6/2B/B4



Ma I DATE I By I REVTSJON

ONE LINE
Orf «0 you. } HMS SOMS FU EOlW - RnSEHI WUT

0

T
> VACtS

NOTE:

1
<E><5>

PAHBL SCHEDULE
DI8TRBUTION PANEL, PI, 480 VOLT, 3 PHASE, 3 WIRE, 100 AMP

COHMtCTCO VA COHMCCTtO VA•ItCAKU CHO MCAKU SONAnME DATESCRVICC WMCtsac AC AC RCVCW E>«C(fe
1 34

l*-1 SOM. VAAOA MjOWC*. Bl PROJECT ENGR;IS 12 SON. vapor BtOWCR. B2 l*-S too 1
>4

PROJECT
17

LP-1 10 to AW SPAKOC BLOWCAS B3 A B417 CUQ<T:
11 17

JLJ® j Groundwater
ZjLH Technology

(617) 760-7602

26 SB BO 90 54 54BO

CONDUIT AND CABLE SCHEDULEi.4 WHKBLINO PITTBBUROH
BTBBL CORPORATION

COMOWT f OCSTIMAnOH COHOWT sot CONOUCTORS

4B0V POWER SOURCE

SOIL VAPOR BUOWCA B2

I I
ntx

PROJECT NO.:
04100->0076

REVtSON:DRAWWO.

E2

CtRCUTT 
MO.

lOCDWLED BY?
I VK

SB
SUB-TOTAL

ICHEXXEB
I TtS

54
SUB-TOTAL

cwcun 
MO.

POU 
HO.

POLE
HO.

WIRC
Size

GMO 
WIRC

toe VAFOe iXTEACnOM A>O 
A* SPASQMe SYSTBH

MAftTM RRffY. OHIO 
PLANT NO.I

ELECTRICAL ONEMJNE 
IMAQRAM

5 EZXSERATER DfOVC 
NORWOOD. MA 02062

lOENTiriES THE CONDUIT ANO 
CABLE DESIGNATION. REFER TO 
CONDUIT ANO CABLE SCHEDULE 
FOR DETAILS.

ne OA— X 

mvmmivm or 9

SOIL VAPOR BLOWER. B2 
CONTROL PANEL

AIR SPARGE BLOWERS 
B3 A B4 CONTROL 

PANEL

SOW, VAPOR BLOWCR. Bl 
AW SPARGE BLOWERS. B5 A B4

MSr. PANCU Pl 
SOIL VAPOR BLOWCR. BS*

SOIL VAPOR BLOWCR, RR 
SOIL VAPOR BLOWCR, Bl

OST. PAHCL Pl 
SOIL VAPOR BLOWCR. Bl

OST. PANEL PI 
OST. PAMCL PI

S
4

COHTRMTT:

SOIL VAPOR BLOWER* Bl CONTROL PANEL

5
B
7

TOTAL COWWCCTCP 
TOTAL OCMAHO

B
10

1 VT C 
C

1 i/r c 
»/< c 
>/<■ C 

*/<■ C

DISTRIBUTION PANEUPI 
12 CKT. PNL. 1O0 AMP MAIN BUS 

4B0 V, 3 PH. 3 WIRE (14.000 AIC)

W1 A 1-H CRO 
5-^IS A 1-^12 CRP 

5-»1 A ORO
5-#l0 O 1-^10 ORO 

4-BI4 (COWTROL)
4-114 (COHTWOL)

5“

laowouwT. MO. ‘Mfr unSmomzb mc of ommb » mnur MmmiD.

OeSMMED BY: 
RI 

ORAWMO DATE:
6/30/94
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SUPPORTING CALCULATIONS AND MODEL OUTPUTS
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Attachment 3 
April 26, 1995

Remediation System Design and Corrective Action Plan
Wheeling-Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01



RESULTS OF VENT-ROI ANALYSIS
EFFECTIVE RADIUS CALCULATION FOR CONVENTIONAL SOIL VAPOR EXTRACTION SYSTEM

= 20.95 FEETI

BIODEGRADATION:
INTERWELL RADIUS OF INFLUENCE

VOL. PLUS BIO.: = 63.12 FEET 
= 52.52 FEET

Vertical wells in 6.3 inch boreholes, extending to groundwater, 
screened from 30 to 39 feet

SINGLE WELL EFFECTIVE RADIUS 
INTERWELL EFFECTIVE RADIUS

Wheeling Pittsburgh Steel site in Wheeling, West Virginia 
System design for the lower lithology

"-4

SINGLE WELL RADIUS OF INFLUENCE = 63.12 FEET
= 52.52 FEET

VOLATILIZATION: . SINGLE WELL EFFECTIVE RADIUS
INSUFFICIENT SURFACE INFILTRATION FOR MULTIPLE WELL SYSTEM

Weathered Gasoline/JP-4 (contaminant mixture, volatile and biodegradable) 
loglO(MW P*) w 1.34 - 3.19 dm
Temperature Constant = 1904 deg K
Liquid Density
Zero Order Bioremediation Rate Constant
Initial Total Soil Contaminant Concentration
Residual (Non-degradable) Soil Concentration

= .7 g/cc 
= 5 ppm/day 
= 185 ppm 
= 1 ppm

= 5 feet
= .023 per ft 
= 50 deg F
= 18 in. water column
= 68.8 scfth
= 365 days
= 90 % removal

Thickness of Vented Soil Interval
Slope of loglO(P) vs Distance from Pilot Test
Soil Gas Temperature
Applied VacuumAir Flow Rate per Vapor Extraction Well
Desired Time to Cleanup
Cleanup Goal



ANALYSIS OF VACUUM DISSIPATION DATA FROM PILOT TEST

18 INCHES APPLIED VACUUM:

12 INCHES APPLIED VACUUM:

SVE Well (ft)

Slope
Intercept
R squared

Slope
Intercept
R squared

Additional data point based on applied vacuum:
1.2 inches of water column at 0 feet from SVE well

* = outlier, not considered in analysis
Additional data point based on applied vacuum:

3.6 inches of water column at 0 feet from SVE well

Monitoring
Well
DOP-1
DOP-2
VMP-1
VMP-2
VMP-3

Monitoring
Well
DOP-1

* DOP-2 
VMP-1
VMP-2
VMP-3

loglO(Vac)
- .398
- .201
- .42
- .523
- .328

= -.02S per foot
= 2.07 inches of water column
= .673

= -.017 per foot
= .83 inches of water column
= .695

loglO(Vac)
- .222 
-.155
- .276
- .276 
-.155

Distance from Measured Vacuum 
(inches w.c.) 

.4

.63

.38

.3

.47

Distance from Measured Vacuum 
(inches w.c.) 

.6

.7

.53

.53

.7

SVE Well (ft)
12.8
4.7
29 .
22
10.5

12.8
4.7 
29 
22
10.5



8 INCHES APPLIED VACUUM:
•(

1

Average slope from tests at 3 applied vacuums = -.023 per foot.

Slope
Intercept
R squared

Distance from Measured Vacuum 
SVE Well (ft)

12.8
4.7
29
22
10.5

* = outlier, not considered in analysis
Additional data point based on applied vacuum:

1.6 inches of water column at 0 feet from SVE well

Monitoring
Well
DOP-1

* DOP-2
VMP-1
VMP-2
VMP-3

loglO(Vac) 
-.523 
-.495 
- .602 
-.699 
-.456

(inches w.c.)
.3
.32
.25 
.2
.35

= -.027 per foot
= ,976 inches of water column
= .716



OBSERVED AND PREDICTED FLOW RESPONSE TO APPLIED VACUUM

1.

!

1.4

18
12
8

69.8
52.3
38.1

7.94E-07
lE-08

68.83
52.79
38.29

Mean Value of Relative Percent Difference:
Mean Absolute Value of Relative Percent Difference:
Standard Deviation of Prediction:

Relative
Percent

Difference

0 % 
.9 % 
.8 scfm.

Soil Permeability in Horizontal Direction (sq cm):
Standard Deviation of Soil Permeability Estimation (sq cm):
Ratio of Horizontal to Vertical Permeability:

-1.4 %
.9 % 
.5 %

Predicted
Flow Response 

(scfm)
Observed

Flow Response 
(scfm)

... :

Applied
Vacuum

(inches w.c.)

2.
3.



RESULTS OF VENT-ROI ANALYSIS
SOIL GAS EXTRACTION RATE FOR CONVENTIONAL SOIL VAPOR EXTRACTION SYSTEM

TOTAL FLOW REQUIRED FOR MUIjTIWELL SYSTEM = 226.65 scfm

FLOW REQUIRED FOR SINGLE WELL AT THESE CONDITIONS 
APPLIED VACUUM REQUIRED TO ACHIEVE THIS FLOW

Thickness of Vented Soil Interval
Slope of loglO(P) vs Distance from Pilot Test
Soil Gas Temperature
Interv/ell Effective Radius
Single Well Effective Radius
Desired Time to Cleanup
Cleanup Goal

= 20 scfm
= 149.9 in. water column

Vertical wells in 6.3 inch boreholes, not extending to groundwater, 
screened from 20 to 30 feet
50 by 200 foot plume requires 13 wells, operated simultaneously.

Wheeling Pittsburgh Steel site in Wheeling, West Virginia
Assumed Data for the sandy clay source area
System Design for the iXSCr lithology.U/’Z’er

Weathered Gasoline/JP-4 (contaminant mixture, volatile and biodegradable) 
'‘ 3.19 dmloglO(MW P‘)

Temperature.Constant.
Liquid Density
Zero Order Bioremediation Rate Constant
Initial Total Soil Contaminant Concentration
Residual (Non-degradable) Soil Concentration

= 10 feet 
= .08 per ft 
= 50 deg F 
= 18.2 feet 
=20.9 feet 
= 365 days 
= 90 % removal

= 1.34 
= 1904 deg K 
= .7 g/cc 
= 5 ppm/day 
= 50 ppm 
= 1 ppm



SUMMARY OF VAPOR PHASE GAO CONSUMPTION ANALYSIS
Wheeling-Pittsburgh Steel site in Martins Ferry, Ohio

925 cfm
55 deg F
50 deg F

= 0 ppmv .too 
= 0 ppmv

Air flow rate
Influent air temperature
Temperature increase across blower

= 0 ppmv 
Ethylbenzene = 0 ppmv

GAC-USE
A PROGRAM FOR ESTIMATION OF GRANULAR ACTIVATE CARBON CONSUMPTION RATES

Influent vapor phase contaminant concentrations:
Benzene = 0 ppmv Toluene

. p 35 Xylene
VAPOR PHASE CARBON CONSUMPTION = 675 Ib/year



SUMMARY OF VAPOR PHASE GAC CONSUMPTION ANALYSIS

Wheeling-Pittsburgh Steel site in Martins Ferry, Ohio

= 0 ppmv . lot
= 0 ppmv -yi 3-0

= 1156 Ib/yearVAPOR PHASE CARBON CONSUMPTION

= 925 cfm 
= 55 deg F 
= 50 deg F

I

Air flow rateInfluent air temperatureTemperature increase across blower
Influent vapor phase contaminant concentrations:

Benzene = 0 ppmv , :53c? TolueneEthylbenzene = 0 ppmv ^35 Xylene,330 
, 03S

GAC-USE
A PROGRAM FOR ESTIMATION OF GRANULAR ACTIVATE CARBON CONSUMPTION RATES



SUMMARY OF VAPOR PHASE GAC CONSUMPTION ANALYSIS
Wheeling-Pittsburgh Steel site in Martins Ferry, Ohio

= 10458 Ib/yearVAPOR PHASE CARBON CONSUMPTION

jzzi// A < he

!

Air flow rate
Influent air temperature
Temperature increase across blower

= 925 cfm 
= 55 deg F 
= 50 deg F

Influent vapor phase contaminant concentrations:
Xylene = 19 ppmv

GAC-USE
A PROGRAM FOR ESTIMATION OF GRANULAR ACTIVATE CARBON CONSUMPTION RATES

i >cJz.Orb
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VENT-ROI Estimate of Effective Radius of Influence

V - - (1 - (1)

(2)
e°f

h

VENT-ROI assumes that the subsurface is laterally uniform and anisotropic, although the ratio of horizontal-to-vertical 
permeability may vary. Air infiltration through the ground surface is assumed to be proportional to the subsurface 
vacuum, which is approximated as dissipating exponentially with distance from the vapor extraction welL Contaminants 
are assumed to equilibrate between the soil and the gas flowing through the subsurface, with the equilibrium soil gas 
concentration proportional to soil concentratiom Biodegradation is assumed to follow Michaelis-Menten kinetics (zero 
order at high substrate concentrations, first order at low concentrations) in all areas where oxygen flux to the subsurface 
significantly exceeds the stoichiometric requirements of the zero order biodegradation rate.

The effective radius, calculated employing these assumptions, is the distance from the vapor extraction well at which 
subsurface air flow is just sufficient to achieve the remediation goals. It is specific to the desired remediation time, 
required extent of remediation, and site contaminant Since air flow is greater between the edge of the contamination 
plume and a vapor extraction well than it is between two vapor extraction wells, the values for effective radius in these 
two cases differ and must be calculated separately.

VENT-ROI is a design tool which provides an estimate of the effective cleanup radius (defined as "the maximum 
distance from a vapor extraction point through which sufficient air is drawn to remove the required fraction of 
contamination in the desired lime") for SVE systems, based on field data readily available from conventional SVE pilot 
tests. Since 1992, Groundwater Technology, Inc. has been using this model routinely as a design tool for SVE systems.

When the effective radius extends to the edge of the contamination plume, as shown in Figure 1, remediation occurs both 
from the outside of the plume inward (due to lateral introduction of uncontaminated air into the contamination zone) and 
from the top down (due to vertical infiltration of air). Although the outermost portion of the contamination zone will be 
treated first, the rate of treatment at this location will be the slowest since the air flux decreases rapidly with distance 
from the vapor extraction well. A control volume is defined which is a fraction of the contamination zone furthest from 
the vapor extraction well, i.e. an annulus of outer radius Rg and inner radius eRg. The value for parameter e, typically
0.7 to 0.9, is selected such that vertical infiltration at distances less than eRg from the vapor extraction well provides a 
rate of remediation roughly comparable to the remediation rate within the control volume due to lateral and vertical 
introduction of clean air. The control volume is then

where C/ 
r
P.
Pr

Rf

= initial conf aminant concentration in the soil 
= distance from the vapor extraction well 
= absolute atmospheric pressure
= absolute pressure at distance r from the vapor extraction well 
= radius of vapor extraction well
= radius of influence

When two or more vapor extraction wells are operated simultaneously, the subsurface air flow between the wells is 
decreased as the wells compete for air infiltrating from the surface. This reduces the effective radius between wells, as

f —

!

and the equation relating the effective radius (Rg) to soil concentration in the control volume (C,), soil gas recovery rate 
(2°), and remediation time (fi can be derived as’

\

(1-eWj pl - Ply dr



(.

(3)

! )

a

2ii

well as the flow per well in response to an applied vacuum. The interwell effective radius, Rgj, is the distance from two 
vapor extraction wells to an equidistant point between them through which just enough air is drawn to remove the 
required fraction of contamination in the desired time. R^r defines the remediation extent between vapor extraction wells 
and is always less than Rg, which defines the extent of remediation for a single-well system and for the area external to 
an array of vapor extraction wells. The equation relating Rg, to C„ 2°, and t is^

tjrc,)
£2
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I. BACKGROUND
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Soil-vapor extraction (SVE) is a widely used in situ remediation technique for 
treatment of contaminated vadose-zone soil. SVE removes volatile organic com­
pounds (VOCs) from vadose-zone soils by inducing air flowthrough contaminated

ABSTRACT: Soil-vapor extraction (SVE) is a standard and effective in situ treatment for the 
removal of volatile contaminants from vadose-zone soiL The duration of SVE operation required 
to reach site closure is quite variable, however, ranging up to several years or more. An 
understanding of the contaminant recovery rate as a function of distance from each vapor­
extraction weU allows SVE systems to be designed so that cleanup goals can be achieved within 
a specified time frame.

A simple one-dimensional model has been developed that provides a rough estimate of the 
effective cleanup radius (defined as “the maximum distance from a vapor extraction point 
through which sufficient air is drawn to remove the required fraction of contamination in the 
desired time’^ for SVE systems. Because the model uses analytical rather than numerical 
methods, it has advantages over more sophisticated, multidimensional models, including sim­
plicity, speed, versatility, and robustness.

The contaminant removal rate at a given distance from the vapor-extraction point is assumed 
to be a function of the local rate of soil-gas flow, the contaminant soil concentration, and the 
contaminant volatility. Soil-gas flow rate as a function of distance from the vapor-extraction 
point is estimated from pilot test data by assuming that the infiltration of atmospheric air through 
the soil surface is related to the vacuum in the soil. Although widely qiplicable, the model should 
be used with some caution when the vadose zone is highly stratified or when venting contami­
nated soil greater than 30 ft below grade. Since 1992, Ground water Technology, Inc. has been 
using this model routinely as a design tool for SVE systems.

Estimation of Effective 
Cleanup Radius for 
Soii-Vapor Extraction Systems



i

192

out of the subsurface by the migrating soil gas. In addition, SVE increases oxygen 
flow to contaminated areas, thus stimulating natural biodegradation of aerobically 
degradable contaminants.

The performance of SVE systems improves as the air permeability of the 
vadose-zone soil increases. SVE is applicable to any compound with a vapor 
pressure greater than about 1 mmHg. This includes a wide variety of common 
contaminants such as benzene, toluene, ethylbenzene, xylene, gasoline hydrocar­
bons, mineral spirits, methyl r-butyl ether, tetrachloroethylene, trichloroethylene, 
1,1,1-trichloroethane, methanol, acetone, and butanone. Because vapor pressure 
increases with temperature, SVE also can be applied to semivolatile compounds by 
heating the vadose zone with steam or hot air.

The efficacy of a SVE system is determined by its ability to draw sufficient air 
through the contaminated portion of the vadose zone. The number and spacing of 
vapor-extraction wells and the soil-gas extraction rate are the critical parameters 
determining air flow through the subsurface. In addition, several modifications to 
SVE systems are sometimes used in an effort to enhance the flow of air through 
the contamination zone. These include air injection (forcing air or allowing air to 
be drawn through wells screened at the level of the vadose-zone contamination) 
and surface sealing (paving a surface or covering an unpaved surface with a layer 
of polyethylene film to prevent infiltration of air and water from the surface).

Vapor-extraction well spacing is typically determined by performing a field 
pilot test to determine the radius-of-influence (ROI) at the site under specified 
SVE conditions. Historically, pilot test data were interpreted by assessing the 
distance from the vapor-extraction well where an arbitrary vacuum level (usu­
ally 0.01 to 1 in of water column) could be measured in the soil. Although such 
“rules of thumb” often result in adequate SVE system design, they do not yield 
any information on the quantity of air moving through the vadose zone. This 
approach, therefore, cannot provide any assessment of remediation time, nor 
can it provide design information specific to the contaminant (a system de­
signed to remove benzene will be less effective on the less volatile xylene, for 
example).

Several alternative approaches to interpretation of SVE pilot test data have 
recently been developed based on multidimensional modeling of vacuum and soil­
gas flow fields in the vadose zone. Johnson etal. (199()a, 1990b) derived equations 
describing air flow in the vadose zone beneath a sealed surface and applied these 
equations to the SVE remediation of gasoline contaminated soil. Baehr et al. 
(1989) and Marley et al. (1990) and others have used numerical solutions for 
systems with unsealed or partially sealed surfaces, and Lingineni and Dhir (1992) 
superimposed variable temperature on this approach. Joss and Baehr (1993) have

areas. SVE is typically performed by applying a vacuum to vertical vapor-extrac­
tion wells screened through the level of soil contamination, using a vacuum 
blower. The resulting pressure gradient causes soil gas to migrate through the 
soil pores toward the vapor-extraction wells. VOCs are volatilized and transported
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III. MODEL DERIVATION
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recently adapted MODFLOW, a groundwater numerical modeling program, to 
SVE applications.

The goal of the model is to determine the maximum distance from the vapor­
extraction well through which sufficient air is drawn to remove the required

The modeling efforts discussed in the previous section represent important 
advances in the understanding of SVE and provide a basis for more effective 
design of SVE systems. However, they are not universally applicable. The data 
available at many small sites where SVE is considered, such as retail gasoline 
stations and dry cleaning facilities, are often sparse, and budgets rarely exist for 
gathering the more extensive data required for sophisticated models. Most of 
these sites have been repeatedly excavated and refilled, creating subsurface 
anisotropies that confound the limited data. Furthennore, many of the models 
assume that the surface is sealed, a condition not commonly encountered (and 
sometimes not even feasible) at such retail sites. Finally, multidimensional 
models typically require substantial time to input variables and to run, making 
the design process tedious.

Therefore, the need exists for a model that can provide rapid order-of-magnitude 
assessments of potential SVE performance based on very limited data. For this 
application, a simpler one-dimensional model is adequate; the data quality is 
ordinarily too poor and the subsurface too laden with unidentified anisotropies to 
warrant a more sophisticated, multidimensional approach. To be most useful, such 
a model must exhibit the following characteristics:

• Simplicity; cumbersome computer models are intimidating and tend not to 
be used; a really useful model must be readily accessible by the most junior 
of engineers.

• Speed: instantaneously, solutions enable an engineer to apply many “what 
if’ scenarios in a short period of time, and hence rapidly converge on an 
optimum design.

• Versatility: depending on the specific project requirements, the model may 
be called on to specify SVE well spacing, soil-gas extraction rate, cleanup 
level, or cleanup time at sites with sealed or unsealed surfaces.

• Robustness: the model must provide reasonable estimates of SVE perfor­
mance over wide ranges of soil permeability, soil-gas extraction rate, soil 
temperature, and contaminant volatility.
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where = mass rate of contaminant removal from soil, t = time, = volume of 
soil (control volume), q = flow rate of gas through control volume.

The rate at which contaminant mass is lost from soil must equal the rate at which 
the soil gas flowing through the soil carries the contamination away:

fraction of contamination in the desired time. This is the effective radius, Rg, and 
it differs from the ROI, which is the distance from the vapor-extraction well that 
vacuum can be detected. The effective radius is based on site-specific conditions 
and SVE system parameters, and it is specific to the contaminant, cleanup goals, 
and cleanup time frame.

This derivation is applicable to sites with unsealed surfaces and single-well SVE 
systems or multiple-well systems in which each well is operated individually, 
rather than simultaneously (as if often done when surface infiltration of air is 
insufficient to achieve adequate remediation between vapor-extraction wells). This 
approach has also been extended to simultaneously operated multiple-well systems 
and to sites at which an engineered surface seal is to be applied, and these will be 
the subject of future publications.

Figure 1 illustrates the general air-flow patterns through soil during SVE. 
Because this derivation is for a single-well SVE system, it is assumed that the 
effective radius will extend to the edge of the contaminant plume. At the outer edge 
of the plume, all air entering the contamination zone is initially uncontaminated. 
As the air flows through the soil, contaminants rapidly equilibrate between soil and 
air phases (the rapid approach to equilibrium was demonstrated by Johnson et al., 
1990a). This equilibration is determined by contaminant-soil concentration, vapor 
pressure, and water solubility, and by the moisture and organic content of the soil. 
Of these parameters, only the contaminant soil concentration changes dramatically 
during the course of the vapor extraction, and so for a given site and contaminant, 
the equilibrium-gas concentration can be expressed generally as a function of soil 
concentration:

dC q
^(C.)

dM d(vc) , , 
---- 5- = -k-S-SizzC q = ffc )q 

dt dt
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FIGURE 1. Generalized air flow paths in a soil-vapor extraction system.
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I
Re

I
eRe

The contaminated zone is represented as a uniform cylinder of radius Re and 
height h, as indicated in Figure 2. Remediation will occur from the outside of the 
plume inward (due to lateral introduction of uncontaminated air into the contami­
nation zone) and from the top down (due to vertical infiltration of air). Although 
the outermost portion of the contamination zone will be treated first, the rate of 
treatment at this location will be the slowest because the air flux decreases rapidly 
with distance from the vapor-extraction well. The control volume is therefore taken

i
i

FIGURE 2. Conceptualization of the model. The system is to be designed so that the 
effective radius, Rg, corresponds to the extent of contamination. Clean air enters the 
contaminated zone by horizontal movement through the soil and by vertical infiltration 
through the ground surface. The overall cleanup time is dominated the remediation rate for 
the contaminated soil between eRg and Re ("control volume"), which is determined by the 
air flow rate, q, through this portion of the contaminated zone.
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dQ =k (p^-P^)dA = k (P^ - P’bjcr dr 
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where r„ = radius of vapor-extraction well, R, = radius of influence.
Substituting Equation 6 into Equations and integrating again, this time from the 

well radius to the inner edge of the control volume, yields

The gas flow through the control volume, q, is calculated by assuming that, at a 
distance r from the vapor-extraction well, any infiltration of atmospheric air 
through the soil surface is related to the vacuum in the soil and the area of die 
ground surface:

where Q„ = vertical infiltration of atmospheric air, r = distance from the vapor 
extraction well, P, = absolute atmospheric pressure, P, = absolute pressure at

as a fraction of the contamination zone furthest from the vapor-extraction well, that 
is, an annulus of outer radius Rp and inner radius eRg, where O < £ < 1-* The 
connol volume is then

V=K(R’-(£Rj’), = (l-e’),cR=h

(P’-P’)r<Ji = Q’

* The value of the parameter £ is selected so that vertical infiltration at distances less than from 
the vapor-extraction well provides a rate of remediation at least comparable with the remediation 
rate within the control volume due to lateral and vertical introduction of clean air. In other words, 
by the time the control volume is clean, the rest of the contaminated zone will have been 
remediated as well. For most sites where SVE is considered, e ranges from 0.7 to 0.9. Within 
this range, the precise value of e selected is not crucial, because values of Re computed from 
the design equation derived later are not particularly sensitive to changes in e, varying typically 
by 10% or less.

distance r from the vapdr-extraction well, k„ = constant, A = area of ground surface. 
The term k„(p2 - P^ comes from Darcy’s Law for flow of a compressible fluid. The 
constant k„ is related to the permeability of the soil to vertical gas infiltration, as 
well as to the gas viscosity, density, and travel distance.

Because all the air collected at the vapor-extraction well must come ulti­
mately from the atmosphere through the ground surface, the integral of 
Equation 5 from the well radius to the radius of influence yields the rate of 
total soil-gas recovery, Q°:



i

,O -'fw
q=Q:-Q.=Q: (8)

1

Combining Equations 3, 4, and 8 and integrating yields

(9)h

I

p’=p^+(p2-p2)
T w \ a w/ (10)

(11)

i
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<^Q

The gas passing through the control volume is the total gas flow collected less the 
vertical infiltration that occurs closer to the SVE well

where c, and c, are fitted constants.
At lower soil concentrations, it is proper to assume ideal partitioning between 

soil and gas (f(Cs) = whereas above a compound-specific threshold soil
concentration, vapor concentration becomes independent of soil concentration

where P,*. = absolute pressure in the vapor extraction well.
When the ground surface is not sealed, P^ can be approximated by the following 

simple exponential relationship over a substantial range of distances from the 
vapor-extraction well (i.e., when r is greater than a few feet) (Mohr, personal 
communication, 1992):

i
i

i

!
!

“w

ln(R,/rJ

where = initial contaminant concentration in the soil.
Whenever dCyfiC^) and P^ dr are analytically integrable. Equation 9 provides 

a vehicle for relating the effective radius (Rp) to soil concentration in the control 
volume (Cjj), soil-gas recovery rate (Q°), and remediation time (t) without the use 
of cumbersome numerical methods. Expending on site-specific conditions, any of 
a number of expressions for P, and f(Cj) are appropriate.

For example, Johnson et al. (1990a) derived the following expression for 
which is applicable when the ground surface is sealed:



IV. MODEL IMPLEMENTATION AND LIMITATIONS

Equation 9 contains the following parameters:

t
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Equation 9 can be evaluated to solve for any of these variables, provided all others 
are specified. The model has been implemented in a computer program written in 
Basic that prompts the user to choose which variable to solve for (effective radius, 
cleanup time, extent of remediation, or soil-gas recovery rate). The user then

The vented interval is the portion of the vadose zone through which air movement is induced 
during SVE. If the vadose zone is fairly homogeneous, air movement will be induced through­
out, and it is appropriate to consider the vented interval to be the depth to the bonom of the 
vapor-extraction well. When the vadose zone is stratified, each contaminated stratum is vented 
separately. If a contaminated low permeability stratum underlying a clean higher permeability 
stratum is being vented, the vented interval should be considered to be the thickness of the low 
permeability stratum. This approach is not applicable, however, for a higher permeability 
stratum underlying a substantial, continuous lower permeability stratum.

(Lyman et al., 1990); under such conditions, f(C^ is simply the contaminant 
saturated-vapor density and is constant More complex representations of f(C^ are 
required for soil contaminated with a diverse mixture of compounds, such as 
gasoline. As SVE proceeds, the more volatile species are preferentially removed 
and the remaining contamination becomes less volatile. Therefore, f(CJ must 
decrease as C, decreases, and this effect is demonstrated in Figure 3 for fresh and 
weathered gasoline. As is evident from the figure, the decrease in f(CJ with 
decreasing C, is roughly exponential.

• gas-soil equilibrium relationship (f(Cj)), which is a function of soil-gas 
temperature and contaminant volatility

• pressure as a function of distance from the vapor-extraction well (P^), which 
is a function of vapor-extraction well pressure (PJ if Equation 10 is used 
the fitted constants Cj and Cj if Eqdation 11 is used

• depth of vented interval (h)^

• soil-gas recovery rate (Q°)

• treatment time (t)

• effective radius (Re)
• vapor-extraction well radius (r„)

• radius of influence (Rj) and
• extent of remediation (1 - Cj/C^.
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FIGURE 3. f(Cs) for fresh and weathered gasoline. This figure is derived from constitu­
ent data in Johnson et al. (1990a).

specifies the contaminant, choosing from a list of common volatile soil contami­
nants or entering a new contaminant with its vapor pressure and vaporization 
enthalpy. Values for all other parameters are then entered, and the value of the
dependent variable is displayed virtually instantaneously.

Of course, the simplifying assumptions that provide this ease of calculation also 
contribute to the uncertainty in the result. Significant subsurface anisotropies 
(sewers, foundations, etc.) can upset the assumed radial symmetry of the air flow, 
and extreme stratification can make the assumption of uniform air flow across the 
vented stratum inappropriate. However, site data are often inadequate to character­
ize the anisotropies in any event, and it is rare that horizontal and vertical 
permeabilities differ by more than an order of magnitude within a vented stratum. 
Equation 9 can therefore provide reasonable rough estimates of SVE system 
perfonnance over a wide range of site conditions.

However, because the model assumes the vadose-zone conditions to be uniform 
with depth, caution should be exercised when applying this model to SVE systems 
venting strata greater than about 30 ft below grade. In addition. Equation 9 is not 
appropriate when vertical infiltration of air through the ground surface is virtually 
nonexistent. Such a situation would arise during venting of a high permeability 
stratum underlying an extensive, substantial, and continuous stratum of much 
lower permeability. Fortunately, such situations occur only rarely, and they can be 
modeled effectively using the sealed surface approach taken by Johnson et al: 
(1990a, 1990b);
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Equation 9 indicates that for a fixed cleanup level, changes in vapor extraction rate 
((i“), cleanup time (t), and depth of the vented interval (h) will not effect the 
effective radius so long as Q®t/h remains constant In other words, the same system 
performance can be obtained in half the time by doubling the vapor-extraction rate 
or halving the depth of the vented interval.

Figure 4 shows an example of how effective radius varies with Q°t/h for a 
variety of common volatile soil contaminants (where cleanup is defined as 90% 
removal, ideal soil-vapor partitioning and an unsealed surface are assumed). The 
conditions in this exarhple are typical for SVE systems, and the resulting effective 
radius varies from a few feet to as much as 70 ft. Effective radius is most sensitive 
to the volatility of the contaminant; the effective radius for weathered gasoline is 
3 to 10 times less than for 1,1,1-trichloroethane under the same conditions. Large 
changes in Q®t/h are required to substantially affect effective radius, especially for

— 1.1.1-TCA

■+■ Benzene 

*pce 
■^Xylene

* ftesh Gasoline 

-*• Weathered Gasoline

the more volatile contaminants; doubling the effective radius generally requires 
increasing by a factor of 10 to 50.

This relationship between effective radius and Q°t/h has profound implications 
regarding SVE system design. Etecreasing the spacing between vapor-extraction 
wells increases the number of wells required, but also decreases the effective radius 
required. This greatly reduces remediation time and/or soil-gas recovery rate 
requirements. For example, a reduction in effective radius from 40 ft to 30 ft would

FIGURE 4. . Effective radius at a typical SVE site as a function of Q°t/h for 
several volatile contaminants (90% cleanup, ideal soil-vapor partitioning, and 
unsealed surface assumed).
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FIGURE 5. . Effective radius at a typical SVE site as a function of cleanup goal 
{Q°t/h = 1.6 X 10® ft^; ideal soil-vapor partitioning and unsealed surface as­
sumed).

— 1.1.1-TCA 

-+- Benzene

PCE 

-^Xylene 

* Fresh Gasoline

Weathered Gasoline

radius, cleanup level, or remediation time. The effectiveness of SVE can be 
significantly enhanced by injecting hot air, steam, or radio frequency to heat 
vadose-zone soil, because f(CJ increases rapidly with increasing temperature. 
Evaluating Equation 9 at various temperatures gives an indication of the magnitude 
of SVE enhancement. For example, 90% removal of fresh gasoline from a 10-ft 
depth of medium sand, 20 ft from a vapor-extraction well pulling 30 cfm is

nearly double the number of vapor-extraction wells but would also reduce 
remediation time by nearly an order of magnitude. The lower soil-gas recovery 
rates required when effective radius is reduced in many cases results in lower costs 
associated with less powerful blowers that more than make up for the costs 
associated with additional vapor-extraction wells.

Effective radius also varies with desired cleanup level, as shown in Figure 5 for 
a typical unsealed system where Q° is 30 scfm per vapor extraction well, h is 10 
ft, and t is 1 year. Contaminant volatility has a large impact on effective radius, but 
increasing cleanup level from 90% to 99.99% only decreases the effective radius 
for single component systems by 35 to 50%, For contaminant mixtures such as 
gasoline, however, changing cleanup level can have a mote dramatic effect This 
is because the volatility of the mixture decreases over the course of the SVE 
process, because the most volatile components are removed first The volatility of 
contaminant mixtures is thus a function of cleanup level, and so effective radius is 
strongly affected by changes in cleanup level

TTiis model can also be used to assess the effect of soil temperature on effective

I I

i

i ■

99 99.9
Cleanup Goal (%)
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estimated to require almost 5 years of SVE operation at 50°F, but 16 months at 
100°F, 6 months at 150°F, and 10 weeks at 200°F.

A simple one-dimensional model has been developed that can provide rapid order- 
of-magnitude assessments of potential SVE performance based on very limited 
data. Because the model uses analytical rather than numerical methods, it has 
advantages over more sophisticated, multidimensional models, including simplic­
ity, speed, versatility, and robustness. Although accuracy and resolution are some­
what reduced, the use of this model instead of more complicated approaches is 
generally justified, given the limited site characterization data ordinarily available 
and the subsurface anisotropies commonly encountered at most small SVE sites. 
Since 1992, Groundwater Technology, Inc. has been using this model routinely as 
a design tool for SVE systems.
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SCALING UP SINGLE-WELL VAPOR EXTRACTION PILOT TESTS TO 
MULTIPLE-WELL SYSTEMS

Barry A. KCne
Groundwater Technology, Inc. 

Windsor, CT

semi-volatile compounds by heating the vadose zone with’steam 
or hot air.

David H. Bass, ScJO., CHMM 
Natalie A. Lucas 

Groundwater Technology, Inc. 
Norwood, MA

Accurate selection of well spacing, vapor extraction blowers, and 
offgas treatment leclinology requires reliable prediction of the 
vacuum/flow response of the SVE system. Significant enors in 
well spacing and component sizing can occur when this effect is 
not taken into account Therefore, a design tool relating the 
performance of single-well pilot tests to full scale multiple-well 
SVE systems is required.

MOTIVATION AND OBJECTIVES
One approach to predicting changes in flow/vwmum perfor­

mance of SVE systems as a function of system geometry and 
orientation is the use of multi-dimensional modeling of vacuum 
and soil gas flow fields in the vadose zone. Baehr. Marley, and 
others have employed such numerical solutions for systems with 
unsealed or partially sealed surfaccs,(I,2] and Lingineni and Dhir 
superimposed variable temperature on this approachJSJ Joss and

The predictions of litis design tool are compared to the 
performance of 13 operating multiple-well soil vapor extraction 
systems. In general, the observed and predicted results agree, 
although substantial scatter is observed in the data.

BACKGROUND
Soil vapor extraction (SVE) is a widely used in situ remedia­

tion technique for ucaimenl of contaminated vadose zone soil. 
SVE removes volatile organic compounds (VOCs) from vadose 
zone soils by inducing air flow through contaminated areas. SVE 
is often performed by applying a vacuum, using a vacuum blower, 
to a line or array of vertical vapor extraction wells. The resulting 
pressure gradient causes the soil gas to migrate through the soil 
pores toward the vapor extraction wells. VOCs are volatilized

The efficacy of a SVE system is determined by its ability to 
draw sufficient air through the contaminated portion of the vadose 
zone to meet the remediation objectives within the required time 
frame. Pilot tests are routinely performed to determine well 
spacing and to size components for full scale SVE systems, based 
on the attainable soil gas recovery rate and the attenuation of soil 
vacuum with distance from the vapor extraction welL Tests are 
typically performed on individual, often pre-existing vertical 
wells; however the final system design generally involves multiple 
wells. Wells compete for air in a multiple-well system, and so 
the total air recovered is rarely proportional to the number of 
vapor extraction wells.

ABSTRACT
Soil vapor extraction is a common remediation technology for 

in situ treatment of vadose zone soil containing volatile or 
aerobically degradable contaminants. Pilot tests are routinely 
performed to assess the applicability of this technology and to size 
components for full scale remediation systems. Tests are typically 
performed on a single well, however the final system design 
generally involves multiple wells. Wells compete for air in a 
multiple-well system, and so the total air recovered is rarely 
proportional to the number of vapor extraction wells. Significant 
errors in well spacing and component sizing can occur when this 
effect is not taken into account

A design tool has been developed which estimates the 
performance of multiple-well soil vapor extraction systems based 
on a single-well pilot test Air flow in a single-well system 
originates from air infiltration over the entire site surface; a 
smaller area for surface infiltration is available to each well in 
multiple-well systems, since the capture zone for each vapor 
extraction well is bounded by the capture zones for adjacent wells. 
The driving force for surface infiltration is the subsurface vacuum 
field, which is measured during the pilot test The product of the 
surface area between the wells and the air flux resulting from this 
driving force yields an estimate of the total air flow rate between 
wells. This facilitates more accurate estimates of blower sizing, 
offgas treatment selection, and well spacing requirements.

and transported out of the subsurface by the migrating soil gas. 
In addition, SVE increases oxygen flow to contaminated areas, 
stimulating natural biodegradation of aerobically degradable 
contaminants. In practice. SVE is applicable to any compound 
which is aerobically biodegradable or which has a vapot pressure 

. greater than about 1 mm Hg. This includes, a wide variety of 
common contaminants, such as many petroleum hydrocartons, 
chlorinated VOCs, and oxygen-ebntaining solvents. Since vapor 
pressure increases with temperature. SVE also can be applied to
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the squares of the subsurface and atmospheric pressures. At any distance r from the vapor extraction well, this driving force

Baehr have recently adapted MODFLOW, a groundwater numeri­
cal modeling program, to SVE applications.[4]

TO TREATMENT 
OR ATMOSPHERE

•r

speed - instantaneous solutions enable an engineer to 
apply many "what if scenarios in a short period of time, 
and hence rapidly converge on an optimum design.

• robustness - the design tool must provide reasonable 
estimates of vacuunt/flow response over wide ranges of 
system geometry, applied vacuum, soil gas extraction rate, 
and soil permeability.

It is not always feasible to apply these sophisticated models, 
however. The data available at many small sites where SVE is 
considered, such as retail gasoline stations and dry cleaning 
facilities, are often sparse, and budgets rarely exist for gathering 
the more extensive data required for multi-dimensional models. 
Most of tliese sites have been repeatedly excavated and refilled, 
creating subsurface anisotropies which confound the limited data. 
Multi-dimensional models typically require substantial time and 
training to input variables and to run, making the design process 
tedious and costly.

• versatility - depending on the specific project require­
ments, the design tool may be called upon to predict 
performance of prospective SVE systems with varying 
numbers of wells and patterns of well placcmenL

• simplicity - cumbersome co.mputer models are intimidat­
ing and tcixl not to be used; a really useful design tool 
must be readily accessible by the most junior of engi­
neers.

Therefore, the need exists for a design tool which can provide 
rapid order-of-magnitude assessments of flow/vacuum perfor­
mance of SVE systems, based on the limited data typically 
obtained, from a routine SVE pilot study. To be most usefuL such 
a design tool must exhibit the following characteristics:

Figure 1
Typical soil vapor extraction well with generalized air flow lines. The driving force for air infiltration is the difference between 
the squares of the subsurface and atmospheric pressures. At any distance r from the vapor extraction well, this driving force acts 
to produce a differential flow, dQi, through an area of ground surface represented by an annulus of differential thickness, dr.
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dr

(1)

■'trdr (2)

where g, = flow per well from a two-well system

)r(Jr

(3)

i

The relative flow per well for a two-well system and single­
well system, assuming identical well construction and applied 
vacuum, is found by dividing equation (2) by equation (1);

Note that this expression docs not contain the conductance term, 
which means that scaling up from a single-well pilot test to a two- 
well S VE system docs not require calculation of soil permeability.

Flow Response of Two-well and Linear Systems
If two identical vertical vapor extraction wells, spaced a 

distance of 2R apart, arc installed in a homogeneous medium and 
a constant vacuum is applied to both, the air flow recovered by 
the two wells will not be simply twice the air flow for a single 
well. This is because the wells will compete for ait infiltrating 
the ground surface between the two wells.

To model this effect, assume that air infiltrating the ground 
surface migrates to the vapor extraction well nearest the point of 
infiltTation. The capture zone for each well is therefore bounded 
by a line which represents the locus of points equidistant from the 
two wells, as shown in Figure 2. As shown on the right side of 
Figure 2, infiltration will be the same for each well as for the 
single-well system so long as r < R, When r > R, the area 
available for surface infiltration is reduced by the fraction 6,/ rc, 
where ©, = arcsInfR/r), as indicated by the left side of Figure 2. 
Thus, the total air collected by each well is

The subsurface pressure as a function of distance from the 
vapor extraction well, is routinely determined from reduction 
of pilot test data. The radius of influence may be fixed at a finite 
value or may be considered infinite, depending on site-specific 
physical constraints and the data reduction. approach used for 
determining P^ The conductance, k, is a function of soil 
permeability, air viscosity, and atmospheric pressure and is not 
routinely quantified from pilot test data. Doing so is not neces­
sary, however, since this parameter will be canceled out in 
subsequent analyses.

Figure 2
Modeling coirqtetition for air infiltrating the ground 
surface between two vapor extraction wells (•) with 
spacing 2R. The capture zone for each well is bounded 
by the locus of points equidistant from the two wells. 
When r < R, infiltration will be the same for each well as 
for the single-well system; when r > R, the area available 
for surface infiltration is reduced by the fraction 0,/3u

Flow Response of a Single Well
When a vacuum is applied to a vapor extraction well, air flow 

is induced through the surrounding soil. The ultimate source of 
the air is the infiltration of atmospheric air through the ground 
surface, as shown in Figure 1. The driving force for this air 
infiltration is the difference; between the squares of the subsurface 
and atmospheric pressurcs.[2,5]. At any distance r from the vapor 
extraction well, tins driving force acts through an area of ground 
surface represented by an annulus of differential thickness, Le. 
27Cnfr. Therefore, the total flow extracted by a single well is

K '>6
/(P^-P^rdr . f(P^-P^)(l-^ 

t a
f(P^-P^)rdr

where Q, = flow from a single well
r, = well radius .
R, = radius of vacuum influence 
k = soil conductance to air flow 
P, = subsurface pressure 
P, = atmospheric pressure

-.ft
= fdQ, = 2nk/(P^-P^)rdr

DESIGN TOOL DEVELOPMENT
The vacuum/flow response for a vapor extraction system is a 

function of the number, spacing, and well placement pattern, as 
well as soil and other site-specific characteristics. The approach 
to modeling flow in multiple-well systems developed below is 
specific to two common placement patterns, straight fines and 
hexagonal arrays. The approach can be readily extended to any 
conceivable well placement pattern, however. Relating multiple­
well flow to pilot study results involves comparing the equations 
for the multiple-well system with the comparable equation derived 
for single-well flow.

<?t

“ “* O
<?, = 2nk/(P^-P^)rdr + 2nkf(P<P^^)(l— 

t i
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f(P^-P])rdr

Figure 4
A Hexagonal Array of Seven Vapor Extracdon Wells

where = flow per well from a system of n vapor ex­
traction wells in a straight line

s. »<
f(P^-P^)rdr * /(P^-P^Xl-
5;^Lj

f(P^-P^)rdr

Figure 3
Modeling competition for air infiltrating the ground 
surface between three vapor extracdon wells (•). placed in 
an equilateral triangle with spacing 2R. The capture zone 
for each well is bounded by the locus of points equidistant 
from each pair of adjacent wells. When r < R. infiltra­
tion will be the same for each well as for the single-well 
system; when R < r < IR/v/T,- the area available for 
surface infiltration is reduced by the fraction 26,/7t (lower 
right); when r 2R//y, surface infiltration is reduced by 
the fracdon 1/6 + 0, /rt (lower left).

Flow Response of Multiple-well, Hexagonal Array 
Systems

In SVE systems with three or more vapor extracdon wells, the 
wells are usually placed so that the lines connecting the well form 
approximately equilateral triangles, as shown in Figure 3. In this 
case, the capture zone for each well is bounded two to six lines 
rqjresenting the locus of points equidistant from each pair of 

. adjacent wells. These lines intersect at 120° angles (Figure .3), 
and when sufficient wells are present, form an array of regular 
hexagons (Figure 4).

Extending this analysis to a straight line of n vapor extraction 
wells spaced 2R feel apart results in a more general expression 
than equation (3);

where = flow per well from a three-well triangular
system

25/75

<?t

f(P^-P^)rdr I
it__________ . _____
8, 8,
f(P^-P^,)r& /(Pr-P^rdr

f (Pr-Pa)(^--)rdr

To model the system depicted in Figure 3 which has three 
wells spaced a distance of 2R apart, assume again that air 
infiltrating the ground surface migrates to the vrqxir extracdon 
well nearest the point of infiltration. As shown at the top of 
Figure 3, infiltration will be the same for each well as for the 
single-well system, so long as r < R. When R < r < 2R/73', the 
area available for surface infiltration is reduced by the fracdon 
29,/jt, as depicted in the lower right of Figure 3. The lower left 
of Figure 3 shows that when r > 2R/v/3\ the area available for 
surface infiltration is reduced by the fraction 1/6 + 0, /x The 
relative flow per well for a three-well and single-well system, 
assuming identical well construction and applied vacuum, is then:

-------------------(4)
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• the variation of vacuum dissipation with distance from the 
vapor extraction wells.

Extending this analysis to a hexagonal array of n vapor 
extraction wells spaced 2R feet apart requires classification of 
vapor extraction wells as cither interior or exterior. Interior wells 

' arc adjacent to six other wells, exterior wells arc adjacent to fewer 
than six (the seven-well array in Hgure 4 has one interior and six 
exterior vapor extraction wells). The distinction is important 
because interior wells are assumed to have no influence beyond 
a distance of 2R//y. The general expression for the relative flow 

, per well for a hexagonal array of n wells and a single-well system 
is:

case of calculation also contribute to the uncertainty in the result. 
For example, the actual resistance to air flow provided by the soil 
matrix may be non-uniform due to subsurface anisotropies and 
anthropogenic structures (sewers, foundations, etc.). Unfortunate­
ly, site data are often inadequate to characterize fully such 
features. This design tool may be useful as a basis fra- design, but 
SVE installations must be executed with sufficient flexibility to 
enable compensation for such unidentifiod features.

Figure 5
Ratio of system flow per well to single well flow for the 
seven-well array depicted in Figure 4, as a function of 
well spacing. Predictions arc based on equation (6). 

-A- = high vacuum dissipation with distance 
= low vacuum dissipation with distance

= flow per well from an n-wcll hexagonal array 
of vapor extraction wells

= number of exterior vapor extraction wells

As evidenced, by equations (3) through (6), flow per well under 
conditions of constant vacuum and well geometry is a function of

Figure 5 shows how air flow varies with well spacing for the 
seven-well system depicted in Figure 4. The two curves shown 
represent significant vacuum dissipation with distance from the 
vapor extraction well (a condition reflective of low soil permeabil­
ity and/or isotropic flow) and a slower decrease with distance 
from the vapor extraction well (a condition reflective of highly 
permeable soils and/or a strong preference for horizontal air flow 
within the subsurface). In both cases, flow per well approaches 
the obvious limit of 1/7 the single-well value as well spacing 
approaches zero. In the case of significant vacuum dissipation, 
flow per well approachc.< tlic single-well value asymptotically as 
well spacing is increased. .•Xt lower vacuum dissipation, flow per 
well is substantially reduced even at relatively large distances 
from the vapor extraction well. Under such circumstances, 
interwell subsurface flow may be so reduced that conventional 
SVE design is not capable of timely site remediation. Alternative 
approaches, such as air injection or horizontal SVE may be 
required.

Flow response to an applied vacuum is occasionally observed 
to increase somewhat with time, especially when fine grained soils 
are vented. This change usually occurs over weeks or months of 
operation; the duration of most SVE pilot tests is only a few hours 
or days, so such an increase in flow would not be anticipated by 
this design took SVE system designs in tight soils should . 
therefore take into account the possibility of a gradual change in 
vacuum/flow response.

LIMITATIONS
While the above discussion provides the basis for a useful 

design tool, it is not applicable to all SVE situations without 
qualification. The simplifying assumptions which provide the

In some SVE applications, an engineered surface seal is 
placed over the area to be vented and/or air is injected into the 
subsurface. The design tool described above is not applicable in 
these cases.

This approach is somewhat conservative in that it assumes 
each vapor extraction will have no vacuum influence beyond its 
capture zone. This is ordinarily a reasonable assumption; since 
vacuum decreases exponentially with distance from the vapor 
extraction well, the vacuum at any point win be dominated by the 
influence of the nearest vapor extraction weU, However, contribu­
tions to subsurface vacuum from more distant vspor extraction 
wells would be expected to be more significant when the wells 
are closely spaced.
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Site No. of Relative PercentSystem Flow / (Single Well Row)*nWeU Well Placement Vacuum

Differeoce*No, II Wells Spacing (fl) Observed PredictedPattern
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moderate 0.88 2031J)8■nSO Linear

3130301:2364 Linear low 1242 ‘I

Unear2 032 25.41.1950 moderate 125

0.47 3630.6916 low 66Array

moderate 1.28 033 31.43 76 180Array

0.65 3830366 4345 54 Array low

0.48 0.83 -52.85 50 moderate 2757 Array

0.69 038 13.42008 6 58 lowArray

0.83 0.98 -16.72209 56 high7 Amy

0.18 0.19 ,1320010 1 12

1.00 -60.1. 034: 54 18011 7

0.860.76200 -12312 high8 42

031 48.403513 very low 230•9 20
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• lime variability of vacuum/flow. response of the subsur­
face.

3

• differences in construction of vapor extraction wcUs and 
the pilot test well;

Table 1 
Observed and Predicted Vacuum/Flow Response for Selected Operating SVE Sites In Massachusetts and Connecticut

53%, with an average of 29%. A number of sources of enor may . 
be contributing to the uncertainty, including;

Even with these sources of error, the predictions of equations (3) 
through (6) are an improvement over the assumption of a constant 
flow pct well, independent of the number or spacing of weGs in 
the system. The flow per well for the several multiple-well 
systems is significantly lower than the flow observed in the pilot 
test, consistent with design tool predictions. Assuming a constant 
flow per well in these cases would result in significanl crrocs in 
sizing blowers and offgas treatment systems.

Perfect agreement of observed and predicted values would 
produce a line of slope 1 passing through the origin, as shown in 
Figure 6, with a conelation coefficient of 1. Linear regression of 
tlic actual data yields a slope of 0.93 and a y-intercepi of 0.13, 
close to the theoretical parameters. The observed and predicted 
flows therefore generally agree, however, there is substantial 
scatter in the data as reflected by the correlation coefficient of 
0.73, The absolute value of the relative percent difference 
between the observed and predicted values range from 1% to

}

i

Array

Linear

• difficulty in obtaining reliable air flow measuremenis in 
the field; and

I 2

System

Dissipatioo* Flow (efin)

• subsurface anisotrojnes, which will result in different 
vacuum/flow responses for different vapor extraction 
wells;.

examples
Table 1 summarizes the vacuum/flow response of 13 multiple­

well SVE systems, operating in Massachusetts and Connecticut, 
relative to that observed in a single-well pilot test The number 
of wells in the multiple-well systems ranges from 2 to 9, well 
spamng from 12 to 76 feet, total flow .from 66 to 434 efin, and 
vacuum dissipation in the subsurface from very low to high. Both 
linear and two-dimensional well placement patterns are represent­
ed. The flow per well for the multiple-well system is divided by 
flow from the single-well pilot test, corrected for any differences 
in applied vacuum or well construction, as described in a separate 
publication.[6] This ratio is compared with the values predicted 
using equations (3) through (6). Observed ratios are plotted 
against predicted values in Figure 6.

■Quaiitotivc description of the extent to which subsurface vacuum is attenuated with distance from the vqx>r extraction well 
’The relative percent difference for two values, a and.b, is defined as (2X100%)(a-b)/(a+bj

very low

very high

Array

Array
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The design tool has been validated by comparing the observed 
irerforniancc of 13 opcraung multiple-well SVE systems with the 
predicted performance. Tlic observed and predicted results 
generally agree, although substantial scatter is observed.
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figure 6
Comparison,of observed and predicted ratio of system 
(low per well to single well Dow for the operating sites 
listed in Table 1,

□ = data points
-X- = linear regression 
-+- = theoretical line representing perfect agreement 

of observed and predicted
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CONCLUSIONS
A design tool, has been developed which estimates the 

performance of multiple-well soil vapor extraction systems based 
on a single-well pilot lest. The product of the ground surface area 
between the wells and the air flux driven by subsurface vacuum 
yields an estimate of the total air (low rate per well. This 
facilitates shore accurate estimates of blower sizing, offgas 
treatment selection, and well spacing rcquircincnls.
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vertical rod and horizontal cable to represent vertical and horizontar SVE systems 
respectively. This approach facilitates more accurate estimates of blower sizing, 
offgas treatment selection, and well spacing requirements.

A set of equations has been developed which can facilitate design of effective SVE 
systems using data routinely obtained from conventional SVE pilot tests. The design 
tool can be used to estimate the effective cleanup radius, (defined as "the maximum 
distance from a vapor extraction point through which sufficient air is drawn to remove 
the required fraction of contamination in the desired time") for soil vapor extraction

Although v.'idely applicable, the design tool should be used with some caution when 
the vadose zone is highly stratified or when venting contaminated soil greater than 30 
feet below grade. This approach has been implemented in a proprietary computer 
program, VENT-ROl, which Groundwater Technology, Inc. has been using routinely 
since 1992 for rapid and effective design of SVE systems.

The design tool is based on simple models and uses analytical rather than numerical 
methods. It is simpler, faster, more versatile, and more robust then more 
sophisticated, multi-dimensional models. Although accuracy and resolution are 
somewhat reduced, the use of this model instead of more complicated approaches is 
generally justified given the limited site characterization data ordinarily available and 
the subsurface anisotropies commonly encountered at most small SVE sites.

David H. Bass, Sc.D., CHMM 
Manager of Technology Development 

Groundwater Technology, Inc. 
3 Edgewater Drive 

Norwood, MA 02062

The design tool can also facilitate the design of multiple-well SVE systems based on a 
single-well pilot test by accounting for the competition for air which occurs between 
vapor extraction wells in multiple-well SVE systems. Equations useful in designing 
horizontal SVE systems based on pilot tests performed on vertical wells are also 
developed by modifying and adapting the standard trans;port equations for a buried

(SVE) systems. This provides an understanding of the contaminant recovery rate as a 
function of distance from each vapor extraction well and allows SVE systems to be 
designed so that cleanup goals can be achieved within a spedfied time frame.



ANALYSIS AND SCALEUP OF SOIL VAPOR EXTRACTION PILOT TEST DATA
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BACKGROUND
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• The system may employ vertical wells screened over different intervals than the 
test well, in an effort to more closely match the vertical extent of soil contamination.

• Horizontally drilled wells may be used. These are usually installed near the bottom 
of the contaminated vadose zone, as depicted in Figure 2; -

• Vented gravel-filled trenches (Figure 3). which typically extend downward to the 
bottom of the contaminated vadose zone, may be used. The gravel-filled portion of 
the trench is generally designed to match the vertical extent of contamination.

I
1

i

I

Soil vapor extraction (SVE) is a widely used in situ remediation technique for 
treatment of contaminated vadose zone soil. SVE removes volatile organic 
compounds (VOCs) from vadose zone soils by indudng air flow through contaminated 
areas. SVE is typically performed by applying a vacuum to either vertical or horizontal 
vapor extraction wells or to gravel-filled trenches. The resulting pressure gradient 
causes the soil gas to migrate through the soil pores toward the vacuum source. 
VOCs are volatilized and transported out of the subsurface by the migrating soil gas. 
In addition, SVE increases oxygen flow to contaminated areas, thus stimulating natural 
biodegradation of aerobically degradable contaminants.

1
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SVE is applicable to most compounds with a vapor pressure greater than about 1 mm 
Hg at ambient temperature. This includes a wide variety of common contaminants, 
such as benzene, toluene, ethylbenzene, xylenes, gasoline hydrocait>ons, mineral 
spirits, methyl t-butyl ether, tetrachloroethylene, trichloroethylene, and 1,1,1- 
trichloroethane. Since vapor pressure increases-with temperature, SVE also can be 
applied to semi-volatile compounds by heating the vadose zone with steam or hot air.

The efficacy of a SVE system is determined by its ability to draw sufficient air through 
the contaminated portion of the vadose zone. Pilot tests are routinely performed to 
determine well spacing and to size components for full scale SVE systems, based on 
the attainable soil gas recovery rate and the attenuation of soil vacuum with distance 
from the vapor extraction well. Tests are typically performed on vertical, often pre­
existing wells (see Figure 1); however the final system design may be modified in 
several ways so as to enhance the flow of air throughout the contamination zone:

• The system usually employs multiple wells, which compete with each other for air, 
resulting in a lower total soil gas recovery rate per vapor extraction well.
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An engineered surface seal may be applied by paving or covering an unpaved 
surface with polyethylene film to prevent surface infiltration of ar and water.

• Ambient air may be forced or allowed to be drawn through wells screened at the 
level of the vadose zone contamination.

The extent and rapidity of remediation in SVE systems is determined principally by the 
rate at which air which can be moved through the contaminated subsurface. 
Evaluation of the subsurface distribution of soil gas flow in response to an applied 
vacuum at the vapor extraction well is therefore the principal objective of SVE pilot 
test data analysis. The. vacuum/flow response is a function of

1
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It is not always feasible to apply these sophisticated models, however. The data 
available at many small sites where SVE is considered, such as retail gasoline 
stations and dry cleaning facilities, are often sparse, and budgets rarely exist for 
gathering the more extensive data required for multi-dimensional models. Most of 
these sites have been repeatedly excavated and refilled, creating subsurface 
anisotropies which confound the limited data. Multi-dimensional models typically 
require substantial time and training to input variables and to run, making the design 
process tedious and costly. Therefore, the need exists for a design tool which can 
provide rapid order-of-magnitude assessments of SVE system performance, based on 
the limited data typically obtained from a routine SVE pilot study.

Historically, pilot test data were interpreted by defining the vapor extraction "radius of 
influence" as the distance from the vapor extraction well where an arbitrary vacuum 
level (usually 0.01 to 1 Inch of water column) could be measured in the soil. Such 
rules of thumb yield no Information on the quantity of air moving through the vadose 
zone, and so cannot provide an assessment of remediation time or design Information 
specific to the contaminant (a system designed to remove benzene will be less 
effective on the less volatile xylene, for example). Furthermore, this approach 
provides no mechanism for scaling up from pilot test results for a single, vertical well 
to any of the above modifications which the final system design may employ. Without 
a theoretically-based method for assessing such scaleup issues, significant errors In 
well spacing, component sizing, and anticipated syStem performance can occur.

One approach to characterizing the subsurface in such a way as to facilitate the 
prediction of SVE system performance as a function of system geometry and 
orientation is the use of multi-dimensional analytical or numerical modeling of vacuum 
and soil gas flow fields in the vadose zone. Baehr, Marley, Falta, Ungineni, and 
others have employed such solutions for systems with unsealed orpartially sealed 
surfaces.’'^ Joss and Baehr have recently adapted MODFLOW, a groundwater 
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factors affecting the permeability of the soil to air flow. Including:
• the resistance to flow provided by the soil matrix;
• the resistance to air infiltration provided by the soil surface;

The effective radius in a single-well SVE system will extend to the, edge of the 
contaminant plume. All air entering the contamination zone is initially uncontaminated. 
As the air flows through the soil, contaminants rapidly equilibrate between soil and air 
phases.® This equilibration is determined by the contaminant soil concentration, vapor 
pressure, and water solubility, and by the moisture and organic content of the soil. Of 
these parameters, only the contaminant soil concentration changes dramatically during 
the course of the remediation, and so for a given site and contaminant, the equilibrium 
gas concentration can be expressed generally as a function only of soil concentration;

2. the geometric aspects of the vapor extraction, well, such as:
• screen length (in vertical and horizontal wells) or length of trench; •
• position of the screen or vented trench interval relative to ground surface;
• horizontal vs vertical orientation;
• well diameter or trench width; and

i

I

I

i
i

i

f
I

!
I
I
I

i

3. the number, spacing, and placement pattern of vapor extraction wells.

When a pilot test is performed, the geometric and placement aspects of the extraction 
well(s) are known. The only two variables left unspecified are the resistance to flow 
through the soil and the resistance to air infiltration through the ground surface. 
Therefore^ only two parameters which are independent functions of these two . 
variables need to be measured in order to describe air flow in the subsurface. In a 
conventional SVE pilot test, these parameters are (1) the soil gas recovery rate in 
response to an applied vacuum at the vapor extraction well and (2) the dissipation of 
vacuum with distance from the vapor extraction well(s).

With flow in the subsurface described, a conventional pilot test performed on a single, 
vertical well can be (1) sized so that the required extent of remediation is achieved in 
the desired time frartie, (2) scaled up to multiple-well systems, and (3) scaled up to 
systems, with differing extraction well geometries and/or orientations. The design tool 
described below has been derived to provide these Capabilities. It assumes that the 
subsurface is homogeneous and isotropic within each vented stratum, and that the 
nature of surface does not change with distance from the vapor extraction well.

Ensuring the Required Extent of Remediation is Achieved in the Desired Time

In a single-well SVE system, the maximum distance from the vapor extraction well 
through which sufficient air is drawn to remove the required fraction of contamination 
in the desired time is the effective radius, R^. This differs from the radius of influence, 
which is the distance from the vapor extraction well that vacuum can be detected. 
The effective radius is based on site-specific conditions and SVE system parameters, 
and it is specific to the contaminant, cleanup goals, and cleanup time frame.

i



(1)Cg = /(C.)

where

(2)= C^q = f{C,\q

where
!

I ,

!

(3)

i
= - Pr}dA - k^Pa ~ Ph^nrcir (4)

where

I

t

~dr

= contaminant concentration in the gas 
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The gas flow through the control volume, q, is calculated by assuming that the driving 
force for infiltration of atmospheric air through the soil surface is the difference 
between the squares of the subsurface and atmospheric pressures?-® At any distance 
rfrom the vapor extraction well, this driving force acts through an area of ground 
surface represented by an annulus of differential thickness;

= vertical infiltration of atmospheric air
= distance from the vapor extraction well 
= absolute atmospheric pressure
= absolute pressure at distance r from the vapor extraction well 
= constant

area of ground surface
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The contaminated zone is represented as a uniform cylinder of radius and height h, 
as indicated in Figure 4. Remediation will occur from the outside of the plume inward 
(due to lateral introduction of uncontaminated air into the contamination zone) and 
from the top down (due to vertical infiltration of air). Although the outermost portion of 
the contamination zone will be treated first, the rate of treatment at this location will be 
the slowest since the air fluji: decreases rapidly with distance from the vapor extraction 
well. The control volume is therefore taken as a fraction of the contamination zone 
furthest from the vapor extraction well, i.e. an annulus of. outer radius ff^and inner 
radius cR^. The value for parameter e, typically 0.7 to 0.9, is selected such that 
vertical infiltration at distances less than eR^ from the vapor extraction well provides a 
rate of remediation roughly comparable to the remediation rate writhin the control 
volume due to lateral and vertical introduction of clean air. The control volume is then

The rate at which contaminant mass is lost from soil must equal the rate at which the 
soil gas flowing through the soil carries the contamination away:

d{VsOs)
dt

= mass rate of contaminant removal from soil 
= time
= volume of soil (control volume) 
= flow rate of gas through control volume

14 = n(R^ - (e/?e)^)/7 = (1 -



fl/
(5)

where

(6)
/- P^}rdr

1

- PfVdr

{7}

Combining equations (2), (3). and (7) and integrating yields;

(8)

- P^ydr

- initial contaminant concentration in the soilwhere

J

= radius of vapor extraction well 
= radius of influence

The term /c/P/ - P//comes from Darcy's Law for flow of a compressible fluid. The 
constant is a lumped parameter related to the permeability of the soil to vertical gas 
infiltration, as well as to the gas viscosity, density, travel distance, and atmospheric 
pressure.

/ (p: - Phrdr

Since all the air collected at the SVE well must come ultimately from the atrhosphere 
through the ground surface, the integral of equation (4) from the well radius to the 
radius of influence yields the rate of total soil gas recovery. <3°:

fl,

{(P.’
___

n, 
(1 - f(P;

r i

Rearranging equation (5) provides an expression for Substituting this into equation 
(4) and integrating from the well radius to the inner edge of the control volume gives:

fdQ^ = 2nkJ(P^ - Pf)rdr =

P^rdr - f (P,^ - P';ydr

hI.

Q°

\
i ■

The gas passing through the control volume is the total gas flow collected less the 
vertical infiltration which occurs closer to the SVE well:

/(Pj - PfVdr- f(Pi

q = Q” - = Q° —

f(P^ - P?)rdr 
rw
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Scaling Up to Multipie-Well Systems

(9)
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i

In SVE systems with three or more vapor extraction wells, the wells are usually placed 
so that the lines connecting the well form approximately equilateral triangles, as shown 
in Figure 5. In this case, the capture zone for each well is bounded by two to six lines 
representing the locus of points equidistant from each pair of adjacent wells. These

The approach to modeling total flow in multiple-well systems is developed below and 
is specific to hexagonal arrays. However, this approach can be extended readily to 
any conceivable well placement pattern. Relating multiple-well flow to pilot study 
results involves comparing the equations for the multipie-well system with the 
corresponding equation for single-well flow {OP) given in equation (4).

1

When two or more vapor extraction wells are operated simultaneously, the subsurface 
air flow between the wells is decreased as the wells compete for air infiltrating from 
the surface. This reduces the effective radius between wells, as well as the flow per 
well in response to an applied vacuum.

h
- Pf)rdr

The interwell effective radius, R^ is the distance from two vapor extraction wells to an 
equidistant point between them through which just enough air is drawn to remove the 
required fraction Of contamination in the desired time. R^ defines the remediation 
extent between vapor extraction wells and is always less than R^, which defines the 
extent of remediation for a single-well system and for the area external to an array of 
vapor extraction wells. Quantifying R^ requires only minor modifications to the " 
equations from which R^ was derived above. The differential surface infiltration 
between two adjacent wells is given by equation (4). At a point located a distance R^, 
from both wells, the differential volume through which this passes is 2nhR£^r (from 
equation (3)). Substituting these expressions for q and in equation (2), and 
obtaining an expression for from equation (5) yields

4-

Whenever dC/f(CJ and Pfrdr are analytically integrable, equation (8) provides a 
vehicle for relating the effective radius {R^ to soil concentration in the control volume 
(C,), soil gas recovery rate (Q°), and remediation time (C without the use of 
cumbersome numerical methods. Generally, r is assumed to be proportional either to 
log(PJ or to exp{P ’ }.®^ At lower soil concentrations, it is proper to assume ideal 
partitioning between soil and gas {f(CJ - Kg,C^, while above a compound-specific 
threshold soil concentration, vapor concentration reaches the contaminant saturated 
vapor density, and f(CJ is constant.® When the contaminant is a diverse mixture of 
compounds, such as gasoline, f(Cg) decreases exponentially with decreasing C, over 
the course of the remediation.
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A

= flow per well from a three-well triangular systemwhere

(11)
"l

where

i

I

{

i

= flow per well from an n-well array of vapor extraction wells 
= number of exterior vapor extraction wells

Equation (11) has been validated by comparing the observed performance of 13 
operating multiple-well SVE systems with the predicted performance, based on single­
well pilot tests? The observed and predicted results generally agreed, although 
substantial scatter was observed.

.1

cr

j[Pf-Pl}rdr [
—JL

{{Pf-Pf}rdr l{Pf-Pl}rdr
r« r«

B 2Rly/3

[{P^-P^,}rdr . J
h________  _n_______

Ri

f(/^-P^)rdr f(Pr-P^)rdr

1 -^'0'

1

lines intersect at 120° angles (Figure 5), and when suffident wells are present, form 
an array of regular hexagons (Figure 6).

To model the system depicted in Figure 5 which has three equally spaced wells, 
assume that air infiltrating the ground surface migrates to the vapor extraction well 
nearest the point of infiltration. As shown at the top of Figure 5, infiltration will be the 
same for each well as for the single-well system, so long as R (where R is half the 
well spacing). When R < r < 2R1V5^. the area available for surface infiltration is 
reduced by the fraction 20,/k. as depicted in the lower right of Figure 5. The lower 
left of Figure 5 shows that when r > 2R/v^, the area available for surface infiltration is 
reduced by the fraction 1/6 + Q^/n. The relative flow per well for a three-well and. 
single-well system, assuming identical well constmction and applied vacuum, is then: .

^3,amsy _ 

O’

R.

Extending this analysis to a hexagonal array of n vapor extraction v/ells spaced 2R 
feet apart requires classification of vapor extraction wells as either interior or exterior. 
Interior wells are adjacent to six other wells, exterior wells are adjacent to fewer than 
six (the seven-well array in Figure 6 has one interior and six exterior vapor extraction 
Wells). The distinction is important because interior wells are assumed to have ho 
influence beyond a distance of 2R//5’. The general expression for the relative flow per 
well for a hexagonal array of n wells and a single-well system is:

_-X)rdr
 2n/v^

[{Pf-Phrdr



Scaling Up to Systems with Differing Geometries and Orientations
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(12)Qv =

where

(13))

O, =

i

Equation (13) provides the flow response to a vacuum applied to a vertical vapor 
extraction well of diameter D screened from depth A/, to depth N^, equation (14) 
provides the flow response to a vacuum applied to a horizontal well of screen length L 
and diameter D installed at a depth N below the surface. A vented trench which is 
much deeper than it is wide can be represented by the'equation for transport to/from a 
buried vertical sheet. .In practice, however, the width and depth of vented trenches 
are almost always similar (since trenches are used almost exclusively for shallow SVE

= resultant flow (soil gas recovery rate) 
<i> = applied potential (Psv,/- 
D = diameter of the rod

i

i
I

the equation for transport tO/from a thiii vertical rod buried from the ground surface to 
a depth A/is represented by the following equation;"

' 2-KkN^
ln(4Af/D)

Equations describing the flux resulting from a potential applied to buried objects in 
heat transfer applications are available in standard transport texts. The potential in 
the case of heat transfer is the temperature difference between the buried object 
(generally assumed to be of uniform temperature) and the ground surface; the 
resultant flow is the net heat transferred to or from the buried object. The potential in 
SVE applications is the difference between the square of the pressures at the vapor 
extraction well/trench and the ground surface (atmospheric);^® the resultant flow is the 
soil gas extraction rate. Note that this approadi implies that the pressure within the 
vapor extraction well/trench is uniform. This is ordinarily a good assumption, however 
substantial pressure drop can occur over long lengths of perforated pipe, especially at 
higher air flow rates and smaller pipe diameters. A method for estimating vacuum 
distribution along perforated pipes in soil vapor extraction applications was presented 
in an earlier publication.’®

The transport (neglecting end effects) to/from a horizontal rod of length L buried at a 
depth A/from the ground surface can be determined from;"

________ 2nkL^________

ln((2A//O) + \I(2NID)^ - 1 ]

The transport to/from a thin vertical rod buried from a depth Af, to a depth can be 
found by subtracting the transport to/from a rod buried from the surface to N^ from the 
transport to/from a rod buried from the surface to A/^;

Afg ln(4A/,/D) A/, ln(4AyO)
1n(4A/2/D) ln{4A/,/D)
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(16))(

where

ln(4fr/V^/0J ln{AkN,,ID^} __________ l ________
/rA/^ln(4/c-yV^/DJ - f(N^,ln{AkN^ID;i In[(2A-A/^/D;,) - ^l(2kNJDf,)^ - 1]= ■) (17)

V
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DISCUSSION
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The equations derived above provide a basis for design of effective SVE systems 
based on data routinely obtained from conventional SVE pilot tests. Examination of

f

w = width of the trench
h = thickness of gravel-filled portion of the trench

Similarly, the performance of vertical and horizontal wells of various diameters and 
screened intervals also can be assessed. The validity of equation (1.6) has been 
demonstrated in case studies in which conventional vertical pilot tests were scaled up 
to horizontally drilled wells and to vented trenches.’^

!
i

If a conventional pilot test has been performed, equations (13) and (14) can be used 
to predict the vacuum/flow response for SVE systems of geometries which differ from 
the pilot test well/trench. For example, by dividing equation (14) by equation (13), the 
results of a pilot test performed on a vertical well (diameter screened from to 
N^2 below grade) can be extrapolated to a horizontal well (diameter D^, length L, 
installed at a depth below the surface):

Q, ln(4yV^/DJ ln(4/V^/DJ
-- - = —-) 

In[(2A/^D,) - - 1]

Qf, = soil gas flow collected by horizontal well
Qj, = soil gas flow collected by vertical well in the pilot test 

= vacuum applied to horizontal well
(j)^ = vacuum applied to vertical well in the pilot test

applications), and equation (14) can be used to represent the trench with D taken to 
be the effective diameter of the trench,

Dgff = 2yfwhhi

This approach assumes that the horizontal and vertical air permeability of the soil 
matrix are comparable, a condition which is not always met in stratified formations. If 
the ratio of the horizontal and vertical permeabilities, k^k^ is known, compensating for 
differing horizontal and vertical permeabilities requires multiplying all values for depth 
below grade by this ratio. For example, equation (16) would become

Qv
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LIMITATIONS
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Equations (8) and (9) indicate that for a fixed cleanup level, changes in vapor 
extraction rate {Q“), cleanup time (I), and depth of the vented interval (/i) will not 
effect the effective radius so long as Cyt/h remains constant. In other words, the 
same system performance can be obtained in half the time by doubling the vapor 
extraction rate or halving the depth of the vented interval.

While the above discussion provides the basis for a useful design tool, it is not 
applicable to all SVE situations without qualification. The simplifying assumptions 
which provide the ease of calculation also contribute to the uncertainty in the result. 
For example, the actual resistance to air flow provided by the soil matrix may be non- 
uniform due to subsurface anisotropies and anthropogenic stnjctures (sewers, 
foundations, etc.). Unfortunately, site data are often inadequate to characterize fully 
such features. This design tool may be useful as a basis for design, but SVE

these equations lead to some conclusions regarding SVE design which are not 
immediately obvious.

1

i

Figure 7 shows an example of how single-well effective radius varies with CPt/h for a 
variety of common volatile soil contaminants (where cleanup is defined as 90% 
removal; ideal soil-vapor partitioning and an unsealed surface are assumed). The 
conditions in this example are typical for SVE systems, and the resulting effective 
radius varies from a few feet to as much as 70 feet. Effective radius is most sensitive 
to the volatility of the contaminant; the effective radius for weathered gasoline is 3 to 
to times less than for 1,1,1-trichloroethane under the same conditions. Large

Equation (11) indicates that, for a given applied vacuum and vapor extraction well 
construction, the flow per well in a multiple-well system is always less than flow in a 
single-well system. This difference can be dramatic, depending on the well spacing 
and relative horizontal-to-vertical permeability. Neglecting the competition for air 
between wells in multiple-well systems will therefore result in unnecessary costs due 
to oversized vapor extraction blowers and offgas treatment technology.

changes in Cft/h are required to substantially affect effective radius, espedally for the 
more volatile contaminants; doubling the effective radius generally requires increasing 
CPt/h by a factor of 10 to 50.

The above derivation distinguishes between the single-well effective radius, and 
the interwell effective radius, R^^ Since R^ is always less than R^, an optimum SVE 
system design often will place vapor extraction wells closer to each other than to the 
edge of the plume. In other words, bunching vapor extraction wells in the middle of 
the site often provides more uniform remediation than distributing well evenly 
throughout the site, in extreme cases where horizontal permeability greatly exceeds 
vertical permeability, timely remediation between wells is not possible without air 
injection, regardless of well spacing.



I

6.13

CONCLUSIONS

••

i

REFERENCES

1.

t

installations must be executed with sufficient flexibility to enable compensation for 
such unidentified features.

Although widely applicable, the design tool should be used with some caution when 
the vadose zone Is highly stratified or when venting contaminated soil greater than 30 
feet below grade. This approach has been implemented in a proprietary computer 
program, VEN'T-ROI. which Groundwater Technology. Inc. has been using routinely 
since 1992 for rapid and effective design of SVE systems.

Baehr. A.L., G.E. Hoag and M.C. Marley. Removing volatile contaminants from 
the unsaturated zone by inducing advective air-phase transport. Journal of 
Contaminant Hydrology, v. 4, no. 1, 1989.

The design tool is based on a simple model which uses analytical rather than 
numerical methods, and so is simpler, faster, more versatile, and more robust then 
more sophisticated, multi-dimensional models. Although accuracy and resolution are 
somewhat reduced, the use of this model instead of more complicated approaches is 
generally justified given the limited site characterization data ordinarily available and 
the subsurface anisotropies commonly encountered at most small SVE sites.

A set of equations has been developed which can facilitate design of effective SVE 
systems using data routinely obtained from conventional SVE pilot tests. This 
approach can be used to (1) estimate the effective cleanup radius; (2): design multiple­
well SVE systems based on a single-well pilot test; and (3) design horizontal SVE 
systems based on pilot tests performed on vertical wells. The designTool facilitates 
more accurate estimates of blower sizing, offgas treatment selection, and well spacing 
requirements.

This derivation is applicable to SVE systems with any well construction, number of 
wells, or well orientation. While it presumes an unsealed surface, it can be readily 
extended to sites with an engineered surface seal. However, because it assumes the 
vadose zone conditions to be uniform with depth, caution should be exercised when 
applying this model to SVE systems venting strata greater than about 30 feet below 
grade. In addition, this design tool is not appropriate when vertical infiltration of air 
through the ground surface Is virtually non-existent. Such a situation would arise 
during venting of a high permeability stratum underlying ah extensive, substantial, and 
continuous stratum of much lower permeability. Fortunately, such situations occur 
only rarely, and they can be modeled effectively using the sealed surface approach 
taken by Johnson, et al.®-”

I
I
1

!

I

j
'1

!

I

I
I

i
■ 1

i



2.

3.

4.

5.
; ••

6.

7.

9,

I

10.

11.

12.

13.

j

Mohr Don, Chevron Research & Technology Co., Richmond, CA. personal 
communication. 1992.

Johnson. P.C., C.C. Stanley. M.W. Kemblowski. D.L Byers and J.D. Colthart. A 
practical approach to the design, operation, arid monitoring of in situ soil­
venting systems. Ground Water Monitoring Review. Spring 1990.

Eckert. E.R.G. and R.M. Drake. Analysis of Heat and Mass Transfer. McGraw- 
Hill. New York. NY. 1972. pp. 98-106.

the cleanup of hydrocarbon-contaminated soils by in-situ soil venting. Ground 
tVafer, V. 28. no. 3. 1990. pp. 413-429.

Lyman. W.J., W.F. Feehl and D.H. Rosenblatt. Handbook of Chemical Property

i

Falta, R.W., K. Pruess and C.A.Chesnut. Modeling Advective Contaminant 
Transport During Soil Vapor Extraction. Ground Water, v. 31, no. 6, 1993. pp. 
1011-1020.

Bass, D.H. Scaling up single-well vapor extraction pilot tests to multiple-well 
systems. Proceedings of the Superfund XIV Conference. HMCRI, Greenbelt, 
MD. 1993.

Bass, D.H. Prediction of vacuum distribution along perforated pipes in soil vapor 
extraction applications. Proceedings of HMC/Superfund '92. HMCRI, Greenbelt, 
MD, 1992. pp. 894-899.

Marley, M.C., S.D. Richter, R.J. Cody and B.L Cliff. Modeling for in-situ 
evaluation of soil properties and engineered vapor extraction system design. 
Presented at the NV\A/VA/API conference. Houston, Texas, November 1990.

Lingineni, S. and V.k. Dhir. Modeling of soil venting processes to remediate 
unsaturated soils. Journal of Environmental Engineering, v. 118, no. 1, 1992. 
pp. 135-152.

Bass. D.H. Scaling up vertical soil vapor extraction pilot tests to horizontal 
systems, Proceedings of the Superfund XIV Conference, HMCRI, Greenbelt, 
MD, 1993.

i r 
i
i

I

s
1

8- L - .
Estimation Methods. American Chemical Society. Washington, D.C., 1990.

Joss, C.J. and A.L. Baehr. AIRFLOW - an adaptation of the groundwater flow 
code MODFLOW to simulate three dimensional air flow in the unsaturated 
zone. To be published as a U.S. Geological Survey open file report. •

Johnson, P.C., M.W. Kemblowski and J.D. Colthart. Quantitative analysis for



FIGURE 1

TYPICAL VERTICAL IN-SITU
SOIL VAPOR EXTRACTION DESIGN
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FIGURE 3

TYPICAL HORIZONTAL IN-SITU 
SOIL VAPOR EXTRACTION DESIGN
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Figure 4: Conceptualization of the model. The system Is to be designed such that the 
effective radius, Re, corresponds to the extent of contamination. Clean air enters the 
contaminated zone by horizontal movement through the soil and by vertical Infiltration 
through the ground surface. The overall cleanup time Is dominated by the remediation 
rate for the contaminated soil between ERj and R, ("control volume"), which is 
determined by the air flow rate, q, through this portion of the contaminated zone.
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FIGURE 5

Modeling competition for air infiltrating the ground surface between three 
vapor extraction wells (.), placed in an equilateral triangle with spacing 2R. 
The capture zone for each well is bounded by the locus of points equidistant 
from each pair of adjacent wells.
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FIGURE 6

A Hexagonal Array of Seven Vapor Extraction Wells
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Figure 7: Effective radius at a 
typical SVE site as a function of 
Q’t/h for several volatile contam­
inants (90% cleanup, ideal soil­
vapor partitioning, and unsealed 
surface assumed).
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Remediation System Design and Corrective Action Plan
Wheeling-Pittsburgh Steel, Martins Ferry, OH, Belmont County, Incident #0702394-01

Attachment 5
April 26, 1995

STATE FIRE MARSHALL
SITE FEATURE SCORING SYSTEM (SFSS) CHART

Groundwater□□□ Technology •
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I. OWNERSHIP OF TANKS II. LOCATION OF TANKS

See attached Figures 1 and 3

COLUMN A COLUMN CCOLUMN B COLUMN D

Site Features Score 20 Enter Score Enter ScoreScore 15 Enter Score Score 10 Enter Score Score 5

>1000 ft. 300- 1000 ft. 16 <300 ft

2. .Depth to groundwater is: 31 50 ft.’>50 ft. 16 < 15 ft.

3. Predominant soil type of substratum is: 5

<8 20 8-10 11-13 > 13

20Subtotals: 30 5

TOTAL SCORE (SUBTOTALS) 55

SITE FEATURE 4 WORKSHEET:

CONSTITUENT CATEGORY 1 CATEGORY 2 CATEGORY 3 CATEGORY 4

TOTAL SCORE <31 31-50 51-70 >71

Soil BTEX .006/4/6/28 .500/12/18/85.170/7/10/47 .335/9/14/67

Groundwater BTEX .005/1/.700/10 .005/1/.700/10 .005/1/.700/10 .005/1/.700/10

Soil TPH (Gasoline) 105 300 450 600

Soil TPH (Others) 380 642 904 1156

I
i

Clay or
shale

Wheeling-Pittsburgh Steel Corporation
Martins Ferry Plant
Martins Ferry, Ohio

1. Distance of UST system 
from closest potable^vater 
supply source currently in use is:

SFM SITE FEATURE SCORING SYSTEM (SFSS) CHART 
(USE "SFSS GUIDELINES" TO COMPLETE THIS CHART)

0
IT 
'0
TT
IT
TT
TT 
"D"
TT
IT
y

I

4. Natural and/or man-made conduits or 
receptors ~
See Worksheet Below

Silly sand 
or fine 
sand, un­
known, or 
sandstone

Clean sand, 
gravel, or 
conglo­
merate

Inside of 
designated 
sensitive 

area

Silt or 
clayey 
sands or 
fine 
sandstone

16-30 ft.
or unknown

• ■:

Basements or subsurface foundations within 100 feet of UST system
Storm sewer within 50 feet of UST system
Sanitary sewer within 50 feet of UST system
Septic systerp leach field within 50 feet of UST system
Water line main within 50 feet of UST system
Natural gas line main within 50 feet of UST system
Bedrock area prone to dissolution along joints of fractures within 100 feet of UST system
Faults or known fractures within 100 feet of UST system
Buried telephone/television cable main within 50 feet of UST system
Buried electrical cable within 50 feet of UST system

4 points
4 points
4 points
2 points
1 points
1 points
1 points
1 points
1 points
1 points
TOTAL POINTS

i

I
4




